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Summary

Statistical downscaling of precipitation refers to statistical techniques that have been
used to obtain precipitation data with the required spatial resolution for climate-change
impact studies. It is widely acknowledged that the direct precipitation output of cli-
mate change simulations from General Circulation Models (GCMs) is inadequate for such
studies. Statistical downscaling techniques make use of fitted relationships between ob-
served precipitation and other meteorological variables that can be extracted from GCM
simulations. The recent availability of reanalysis data from numerical weather predic-
tion models offers new oppurtunities to improve the meteorological basis of statistical
downscaling models. In this report the statistical linkage of daily precipitation to NCEP
reanalysis data is described for eleven stations across Europe: De Bilt and Maastricht
(the Netherlands), Hamburg, Hanover and Berlin (Germany), Vienna (Austria), Berne,
Neuchéatel and Payerne (Switzerland), and Salto de Bolarque and Munera (Spain). Daily
data for the period 1968-1997 were considered. The work forms the KNMI contribution
to the European project WRINCLE (Water Resources: the INfluence of CLimate change
in Europe).

Two separate statistical models were used to describe the daily precipitation at a partic-
ular site: an additive logistic model for rainfall occurrence (1 for wet days and 0 for dry
days) and a generalised additive model for wet-day rainfall. Both models are extensions
of the standard linear regression model for data from a normal distribution. Typical pre-
dictor variables were the u-velocity (westerly flow), the v-velocity (southerly flow), the
relative vorticity, the 1000-500 hPa thickness, the baroclinicity and atmospheric moisture.
With respect to the latter two options for rainfall amount modelling were compared: (i)
the use of the specific humidity at 700 hPa, and (ii) the use of both the relative humidity
at 700 hPa and precipitable water. For rainfall occurrence modelling the relative humidity
at 700 hPa was considered as moisture variable. The 1000-500 hPa thickness was only
included in the model for rainfall occurrence.

For all stations the moisture variable appears to be one of the most significant predictors
both for rainfall occurrence and rainfall amount. The u-velocity is an important predictor
for the northern stations De Bilt, Maastricht, Hamburg and Hanover. Although precipi-
tation usually has a strong link to relative vorticity, this is not the case for Vienna and
the Swiss stations. The baroclinicity is an important predictor for these middle European
stations. For the Spanish sites it was beneficial to derive the velocity components and
the relative vorticity from the 850 hPa heights instead of the 1000 hPa heights or sea
level pressure as was done for the other sites. Although the downscaling relationships for
rainfall occurrence and wet-day rainfall are assumed constant over the year, they can rea-
sonably reproduce the seasonal cycles in the probability of rain and mean wet-day rainfall.

An application is given with data from a time-dependent greenhouse gas forcing experi-
ment using the coupled ECHAM4/OPYC3 atmosphere-ocean GCM for the periods 1968
- 1997 and 2070 - 2099. The fitted statistical relationships were used to estimate the
changes in the mean number of wet days and mean rainfall amounts for the winter and
summer halves of the year at De Bilt, Hanover, Berlin, Berne and Salto de Bolarque.
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For all these stations a decrease in the mean number of wet days was found. This de-
crease is mainly due to the larger 1000-500 hPa thickness in the future climate. At Berlin
this thickness effect is somewhat reduced by the changes in the velocity components. A
marked influence of the velocity components was also observed at Salto de Bolarque, but
here the effect of the change in the u-velocity is counterbalanced by that in the v-velocity.
The largest decrease in the number of wet days occurs in the summer period. The mean
wet-day precipitation amounts are sensitive to the larger atmospheric water content in
the future climate (increase in specific humidity and precipitable water). This leads to an
increase in the mean winter rainfall amounts at De Bilt, Berlin and Berne despite the de-
crease in the mean number of wet days. The estimated increase in mean winter rainfall for
these stations is comparable with that in the simulated rainfall of the ECHAM4/OPYC3
model. The use of the rainfall amount model with specific humidity results in a larger
increase than the model with precipitable water and relative humidity. The estimated
change in mean winter rainfall at Hanover differs from that at De Bilt and Berlin, and
from the direct climate model output. This can be attributed to an anomalous decrease
in the relative vorticity near Hanover in the ECHAM4/OPYC3 experiment and a rather
strong impact of vorticity on daily rainfall at this site. Consistent with the simulated
rainfall of ECHAM4/OPYC3 a decrease in the mean winter rainfall amouts at Salto de
Bolarque was found. The use of a rainfall amount model with specific humidity results
in a slight increase in the mean summer rainfall amounts at De Bilt, Hanover and Berlin.
In the other cases there is a decrease in mean summer rainfall, quite often comparable
with that from the direct climate model output. Except for the changes in winter rainfall
at Hanover and the number of wet days in Berlin and Salto de Bolarque, the changes
in the circulation variables have little effect on the mean number of wet days and the
mean rainfall amounts. Moreover, the changes in circulation variables are generally small
compared with their bias. The anomalous change in vorticity during winter at Hanover
is in fact mainly due to biases in the simulated sea level pressure.

The use of the downscaling models for scenario production was examined for Berne.
Scenarios of daily precipitation for the 2070 - 2099 period were obtained by perturbation
of the observed rainfall record and by stochastic time series simulation. In the case of
time series perturbation the standard method of scaling the observed rainfall amounts
was extended to allow for a decrease in the number of wet days. The 90" percentile of
the distributions of the N-day annual maximum precipitation amounts for N = 1, 3, 10
and 30 was considered to compare the resulting scenarios. The representation of the coef-
ficient of variation of the wet-day precipitation amounts in the stochastic model for time
series simulation strongly influences the reproduction of this extreme-value characteristic
and its changes. Besides difficulties with the description of the coefficient of variation,
the model for wet-day rainfall often overpredicts the mean rainfall amounts in situations
where extreme rainfall could be expected. Interaction between predictor variables has to
be incorporated to reduce this bias.
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1 Introduction

A major problem associated with future global warming is the potential change in precipi-
tation because of its impacts on hydrology and water resources. Simulations with General
Circulation Models (GCMs) form the primary source of information about future climate
change. These models provide time series of many climate variables on a rather coarse
grid (current grid size about 300 km), which is not suitable for direct use in climate-change
impact studies. A so-called downscaling technique is needed to obtain these variables at
the desired local scale. The term statistical downscaling refers to the use of a statistical
model for this purpose.

Statistical downscaling of precipitation has often been focussed on the link between local
precipitation and atmospheric flow characteristics. Several techniques have been used
ranging from multiple regression (KILSBY et al., 1998; WILBY et al., 1998) and canonical
correlation analysis (VON STORCH et al., 1993) to multivariate adaptive regression splines
(CORTE-REAL et al., 1995), kriging (BIAU et al., 1999) and artificial neural networks
(HEwITSON and CRANE, 1996), and from parametric time series modelling (Béardossy
and PLATE, 1992; CORTE-REAL et al., 1999) to nonparametric resampling (ZORITA et
al., 1995; CoNwAY and JONES, 1998). Although long-term variations in precipitation
during the past may be explained by fluctuations in the atmospheric circulation, it is
questionable whether potential future systematic changes in precipitation resulting from
the global warming can be derived from the changes in the atmospheric circulation alone.
Various GCM experiments suggest that this is not the case (MATYASOVSZKY et al., 1993;
JONES et al., 1997; WILBY and WIGLEY, 1997).

Besides the atmospheric circulation, there is also an effect of temperature on precipi-
tation, because warm air can contain more moisture than cold air. Shower activity also
depends on temperature. For De Bilt (the Netherlands) these phenomena can easily
be identified by plotting the mean wet-day precipitation amounts versus the daily mean
or daily maximum 2-metre temperature (KONNEN, 1983; BUISHAND and KLEIN TANK,
1996). A similar analysis for a number of sites in England, Switzerland, Portugal and
Italy showed, however, that the temperature effect on precipitation is often obscured by
other meteorological factors (BRANDSMA and BUISHAND, 1996). Because the correlation
between daily precipitation and temperature is generally weak in observed data, it is quite
difficult to use temperature as a covariate in stochastic models for daily precipitation.

With the exception of a paper by KARL et al. (1990), a measure of the upper-air humidity
has only recently been included in statistical downscaling models for daily precipitation.
The correlation between precipitation and atmospheric moisture is generally stronger
than that between precipitation and temperature. CRANE and HEWITSON (1998) and
CAvAzos (1999) considered the specific humidity at different heights as a measure of the
atmospheric water content. On the other hand, CHARLES et al. (1999) used the 850 hPa
dew point temperature depression in their model for daily rainfall occurrence, because the
probability of rain is better related to the degree of saturation of the atmosphere than to
the total amount of water.
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In this report new downscaling relationships are developed for a number of sites in the
Netherlands, Germany, Austria, Switzerland and Spain. The work was done under the
framework of the European project WRINCLE (Water Resources: the INfluence of CLi-
mate change in Europe). Separate models are used to describe the probability of rain and
the wet-day rainfall amounts. Several circulation variables are included in these mod-
els. The probability of rain is further linked to the relative humidity at 700 hPa. Two
measures of absolute humidity are compared for rainfall amount modelling. All predictor
variables were derived from the NCEP reanalysis data (KALNAY et al, 1996). Results
from a time-dependent greenhouse gas forcing experiment with the ECHAM4/OPYC3
climate model are used to estimate the changes in precipitation for the period 2070-2099
for a selection of stations. These estimates are compared with the changes in precipitation
in the climate model output. In addition, daily precipitation scenarios are constructed
for one of the Swiss sites. Extreme N-day rainfall is considered to compare the scenarios
with the record of observed daily rainfall.

This report is structured as follows. Section 2 introduces the statistical models for the
probability of rain and the wet-day rainfall amounts. Section 3 presents a survey of the
precipitation records and reanalysis data. Some properties of the climate model output
are also described in that section. The results of the statistical analysis are discussed
in Section 4. Section 5 deals with the estimation of the changes in the seasonal mean
precipitation amounts for the period 2070 - 2099. The construction of daily precipitation
scenarios is presented in Section 6. The statistical model for the wet-day rainfall amounts
is re-examined in Section 7. A concluding discussion is given in Section 8.



2 Statistical models

Generalised additive models have been used to explore the relationship between daily
precipitation and the predictor variables. These models are an extension of the standard
linear model for data from a normal distribution, covering both non-linearity and a variety
of distributions (HASTIE and T1BSHIRANI, 1990). They were successfully applied to de-
scribe the dependence of the wet-day precipitation amounts on 2-metre temperature and
circulation variables in earlier work (BRANDSMA and BUISHAND, 1997). Here generalised
additive models are also used to describe rainfall occurrence.

2.1 Rainfall occurrence modelling

The occurrence of wet and dry days can be represented as a binary sequence {y;}, where
y. = 1 if day t is wet and y; = 0 if day ¢ is dry. A wet day is defined here as a day
with a precipitation amount of 0.1 mm or more. The key parameter in rainfall occurrence
modelling is the probability P of a day being wet. In this study P is described by the
additive logistic model:

logit(P) = In (1) = a0 + zf () 1

where the f;(z;) are arbitrary smooth functions of the predictor variables z;. The logit
transformation ensures that P lies in the interval between 0 and 1. The functions f;(z;)
have been iteratively estimated by a locally weighted running-line (loess) smoother with
a span of 0.5 (proportion of the data entered in the local fit), using the S-PLUS statistical
software package (CHAMBERS and HASTIE, 1993). To exclude free constants the fitted
values for each function f;(x;) are adjusted to average zero. In the case of a linear func-
tion, this implies that f;(z;) = a;(z; — T;), where a; is a regression coefficient and Z; is
the average of the variable ;.

As an illustration Figure 1 shows the shapes of the two most significant predictor func-
tions f;(x;) for rainfall occurrence at Berne (Switzerland). In this example the function
fi(z;) is linear for the relative humidity at 700 hPa (rh) and non-linear for the southerly
flow component at 1000 hPa (v1099). The rainfall probability on the right-hand side of
each panel is given by:

1
F= 1+ exp[—ao — fi(;)]

(2)

As expected P increases with increasing rh. Furthermore, P tends to be high if vipp is
negative (northerly flow) and low if vggg is positive (southerly flow).

Model selection involves the choice of atmospheric variables to be included and the choice
between linear and non-linear predictor functions. Atmospheric variables having a rela-
tively strong correlation with rainfall occurrence were considered. Inclusion of strongly
correlated predictor variables was avoided. Different sets of predictor variables were com-
pared using Akaike’s information criterion (see the Appendix). This criterion puts a
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Figure 1: Estimates of the functions f;(z;) for relative humidity at 700 hPa (rh) and
southerly flow at 1000 hPa (v1990) in the additive logistic model for rainfall occurrence at
Berne (Switzerland). The dashed lines mark pointwise 2 x standard-error bands.

penalty on the number of predictor variables and the use of non-linear functions. The
significance of every predictor variable and the non-linearity of predictor functions in the
selected set were checked by an approximate x2-test (see the Appendix). In a final stage
the physical realism of the shape of the predictor function was examined. A predictor
variable was excluded if its effect on rainfall occurrence was at variance with that expected
on physical grounds.

2.2 Rainfall amount modelling

The generalised additive model with constant coefficient of variation and log link function
has been adopted to analyse the wet-day precipitation amounts. The log link function
specifies the expected wet-day amount as:

p
R = exp [ao +> i (%)] (3)
i=1
Besides that R cannot become negative with this representation, the log link is also
convenient for scenario construction (see Section 6.1). A constant coefficient of variation
implies that the variance of the wet-day precipitation amounts increases with the expected
value, which is for wet-day precipitation much more realistic than the more familiar
assumption of a constant variance. As in Equation (1) the f;(z;) are arbitrary smooth
functions of the predictor variable x;.
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Figure 2: Estimates of the functions f;(z;) for relative humidity at 700 hPa (rh) and
southerly flow at 1000 hPa (vigg9) in a generalised additive model for wet-day rainfall at
Berne (Switzerland). The dashed lines mark pointwise 2 x standard-error bands.

The shapes of the two leading predictor functions f;(z;) for Berne (Switzerland) are
presented in Figure 2. In this example the function f;(x;) is non-linear for the specific
humidity at 700 hPa (¢) and linear for the southerly flow component at 1000 hPa (v1090)-
The rainfall amount on the right-hand side of each panel is given by:

R = exp[ag + fi(z;)] (4)

Like the probability of rain, the mean wet-day rainfall amount at Berne tends to be
high on days with northerly flow and low on days with southerly flow. Further, the ex-
pected wet-day rainfall amount increases with increasing specific humidity at 700 hPa (q).

Model selection was done in the same way as for rainfall occurrence. However, an approx-
imate F-test (see the Appendix) was used instead of a x?-test to assess the significance
of predictor variables and non-linearity of predictor functions.
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3 Data

The statistical downscaling models were fitted to observed local precipitation data using
predictor variables from the NCEP reanalysis. For the climate change application, a
transient simulation with the coupled global atmosphere-ocean ECHAM4/OPYC3 model
was considered. Details of the precipitation data are given first. Then the predictor
variables are discussed. Finally, some properties of the ECHAM4/OPYC3 simulation are
presented.

3.1 Observed precipitation data

Statistical models were developed for eleven European stations. These stations are listed
in Table 1. The data were provided by the national weather services (either directly
or via a WRINCLE partner). All time series data were available for the period 1968
- 1997 except the data for Vienna (1968 - 1994) and Munera (November 1969 - 1997).
Precipitation data prior to 1968 were not examined because of a problem with the NCEP
reanalysis data (see Section 3.2).

Table 1: Positions and characteristics of selected precipitation stations. MAR stands for
mean annual rainfall and NWET for the mean annual number of wet days. Mean values
refer to the period 1968 - 1997 except for Vienna (1968 - 1993) and Munera (1970 - 1997).

Station Latitude Longitude Elevation MAR NWET
aslinm in mm

The Netherlands

De Bilt 51.10° N 5.18°E 2 802 193
Maastricht® 50.92° N 5.78° E 114 733 188
Germany

Hamburg-Fuhlsbiittel 53.63° N 9.98° E 11 774 192
Hanover-Langenhagen 52.47° N  9.70° E 55 648 189
Berlin-Dahlem 52.47° N 13.30° E 51 581 176
Austria

Vienna-Hohe Warte 48.25° N 16.37° E 203 601 150
Switzerland

Berne-Liebefeld 46.93° N 7.42° E 565 1040 169
Payerne-Ville 4727° N 6.94° E 450 878 145
Neuchatel 47.00° N 6.95° E 485 960 169
Spain

Salto de Bolarque 40.37° N 2.83° W 620 454 82
Munera 39.05° N 2.48° E 930 422 78

Measurements at the airport in Beek
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3.2 NCEP reanalysis data

An ‘analysis’ is an estimate of the state of the atmosphere based on observations and
background information like a numerical weather forecast. Analyses form the basis for
weather forecasts. In particular for climate research, reanalyses have been performed to
get rid of nonhomogeneities due to developments in numerical weather modelling. In the
1990s a fifty-year reanalysis from 1948 was performed by the National Center of Envi-
ronmental Prediction (NCEP), USA. Numerous weather variables from this reanalysis
are available on a 2.5°x2.5° grid (KALNAY et al.,, 1996). For the work described in this
report the 6-hourly data in the period 1968 - 1997 were used. Earlier reanalysis data
were not considered, because an error was identified in the conversion of sea level pressure
data over Europe from 1948 till 1968. Because of this error most of the observed pressure
values lower than 1000 hPa were discarded in the reanalysis (http://Inx21.wwb.noaa.gov/-
images/psfc/psfc.html). For the calculation of the daily average of the reanalysis data, the
four values were chosen, which were within the sampling period of a daily precipitation
measurement. The predictor values of the grid point nearest to the rainfall measurement
site were used (Table 2) for model development.

For rainfall occurrence modelling in the Netherlands and North Germany it emerged
that the relative humidity at 700 hPa (rh)!, the baroclinicity (b), the thickness of the
layer between 1000 hPa and 500 hPa (thick), the sea level pressure (slp), the west compo-
nent of the geostrophic wind (u,), the south component of the geostrophic wind (v,) and
the geostrophic relative vorticity ((,) are suitable predictor variables. The baroclinicity
was taken as the absolute value of the temperature gradient on the 700 hPa level. Both
the velocity components and the vorticity were derived from the sea level pressure at the
four grid points nearest to the target grid point of the station of interest. For the more
southerly sites it turned out to be better to use the geopotential heights at 1000 hPa
(h1000) or 850 hPa (hgso) instead of sea level pressure and the velocity components and
vorticity derived from these heights. These flow variables are denoted as w1000, ¥1000, 1000
and Ugs50, V850, C8507 respectively.

IThe daily relative humidity was derived from the daily specific humidity and the daily temperature
at 700 hPa.

Table 2: Selected NCEP reanalysis grid points.

Location Latitude Longitude
De Bilt 52.5° N 5.0°E
Maastricht 50.0° N 5.0°E
Hamburg, Hanover 52.5° N  10.0° E
Berlin 52.5° N  12.5° E
Vienna 475° N 15.0°E
Switzerland 47.5° N 7.5° E

Spain 40.0°N  25°W
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For wet-day rainfall amount modelling the specific humidity at 700 hPa (¢q) or the precip-
itable water (pw) are more suitable predictors than the relative humidity at 700 hPa (rh).
The correlation coefficient between ¢ and thick ranges from 0.75 for wet days at Salto
de Bolarque to 0.88 for wet days at the Swiss sites and that between pw and thick from
0.85 for wet days at Salto de Bolarque to 0.93 for wet days at Berlin and the Swiss sites.
Hence, it is not possible to include both thickness and specific humidity or precipitable
water in the statistical models. Inclusion of a moisture variable is preferable because of
its stronger statistical and physical significance.

3.3 Climate model data

The estimated changes in the local precipitation in Section 5 and the daily precipitation
scenarios in Section 6 are based on the results from the time-dependent greenhouse gas
(GHG) experiment with the coupled global atmosphere-ocean model ECHAM4/OPYC3
of the Max-Planck-Institute of Meteorology and the Deutsche Klimarechenzentrum (both
in Hamburg). A steadily growing concentration of greenhouse gases, as observed between
1860 and 1990 and according to IPCC scenario IS92a (‘business as usual’) from 1990
onward, was prescribed in that experiment (ARPE and ROECKNER, 1999; ROECKNER
et al.,1999). Monthly values from the GHG experiment were made available. For each
climate variable a climate change signal was obtained as the difference between the 30-
year mean values for the periods 1968 - 1997 and 2070 - 2099. Note that the first period
corresponds to that used for calibrating statistical relationships. Separate climate change
signals were determined for the winter (October - March) and summer (April - Septem-
ber) halves of the year.

The climate change studies were done for De Bilt, Hanover, Berlin, Berne and Salto
de Bolarque. The coordinates of the nearest ECHAM4/OPYC3 grid points to these sites
are given in Table 3. The wind velocity components, the relative vorticity and the baro-
clinicity were obtained in the same way as those for the reanalysis data. The change in
relative humidity in the GCM data was not used in this work (see Section 5.1). The pre-
cipitable water pw was not available in the climate model output. The winter and summer
means of precipitable water were therefore derived from those of specific humidity at 700
hPa using linear regression relations fitted to the reanalysis data. Separate relations were
used for winter and summer.

Table 3: Selected ECHAM4/OPYC3 grid points for climate change studies.

Location Latitude Longitude
De Bilt 51.63° N  5.63° E
Hanover 51.63° N  8.44° E
Berlin 51.63° N 14.06° E
Berne 46.04° N 8.44° E

Salto de Bolarque 40.46° N  2.81° W
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Table 4: Winter means (1968 - 1997) of NCEP predictor variables, bias in the
ECHAM4/OPYC3 winter mean with respect to the NCEP mean, and changes for the

period 2070 - 2099 for Hanover. Biases and changes printed in talics are significant at
the 5% level (t-test).

Variable NCEP mean GHG bias GHG change
1968 - 1997 1968 - 1997 2070 - 2099

q 1.59 g/kg + 0.18 g/kg + 0.57 g/kg
slp 1015.5 hPa + 1.7 hPa + 0.3 hPa
Up 4.59 m/s + 4.18 m/s + 0.42 m/s
Up 0.83 m/s + 048 m/s - 0.01 m/s
Cp -0.0083 kHz 4+ 0.0138kHz - 0.0046 kHz
thick 5369.9 m + 37.9m + 89.7m

b 0.0076 K/km - 0.0030 K/km - 0.0003 K/km

Table 5: Summer means (1968 - 1997) of NCEP predictor variables, bias in the
ECHAM4/OPYC3 summer mean with respect to the NCEP mean, and changes for the

period 2070 - 2099 for Hanover. Biases or changes printed in italics are significant at the
5% level (t-test).

Variable NCEP mean GHG bias GHG change
1968 - 1997 1968 - 1997 2070 - 2099

q 2.62 g/kg + 0.40 g/kg + 0.87 g/kg
slp 1015.3 hPa - 1.0 hPa + 0.2 hPa
Up 1.60 m/s + 1.97m/s + 0.03 m/s
Up - 0.77 m/s + 2.04 m/s - 0.01 m/s
Cp 0.0021 kHz 4 0.0006 kHz - 0.0014 kHz
thick 9505.9 m + 94.6m + 95.6 m

b 0.0066 K/km - 0.0029 K/km + 0.0003 K/km

For the grid point close to Hanover Tables 4 and 5 compare the seasonal means of the
predictor variables in the climate model output with those in the NCEP reanalysis for
the winter and summer, respectively. The changes for the 2070-2099 period are also pre-
sented. There is almost always a significant difference between the ECHAM4/OPYC3
and NCEP mean values. The most notable biases are found for u, and (, in the winter
season caused by a strong north-south gradient in sea level pressure over North Germany
in the climate model output (see Figure 3). A discussion of the differences between the
patterns of sea level pressure in the NCEP reanalysis and the ECHAM4/OPYC3 data
can be found in ARPE and ROECKNER (1999) and KNIPPERTZ et al. (2000). For both
summer and winter the changes in specific humidity and thickness are statistically signif-
icant and exceed the bias. The increase in thickness of about 90 m is in agreement with
the temperature increase of about 4.5°C in the climate model. The relative increases in
specific humidity amounts to 7.5%/°C in winter and 6.4%/°C in summer, which is close
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Figure 3: Mean sea level pressure in hPa for the winter months December to February
(DJF) for the period 1968 - 1997 in the NCEP reanalysis (top) and the ECHAM4/OPYC3
GHG experiment (bottom).
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to that expected from the Clausius-Clapeyron relation. Significant changes are also found
for the vorticity but for the winter half of the year the change is smaller than the bias.
The changes in the other variables are small compared with their bias.

The other four grid points show similar changes and biases in ¢ and thick. Biases in
dynamical variables are also observed at these grid points. Their sign and magnitude dif-
fer from grid point to grid point. Sometimes these biases are quite large because velocity
components and vorticity are very sensitive to small changes in the seal level pressure and
geopotential height patterns. Changes and biases in baroclinicity are more or less similar
to those at Hanover.
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4 Results for rainfall occurrence and rainfall amount

In this section the fitted relationships are discussed. Results for rainfall occurrence are
presented in Section 4.1 and for wet-day rainfall amount in Section 4.2. Section 4.3 deals
with some issues concerning seasonal variation.

4.1 Rainfall occurrence

For all precipitation stations in Table 1 additive logistic regression models were fitted to
the rainfall occurrence data. Table 6 presents a survey of the chosen predictor variables.
The proportion of explained variance in the third column of the table is given by

_ Zi\il (ys — Pt)2
2

Y (% —7)
where 7; is the observed rainfall occurrence at day t, 7 is the average of the y, values
(fraction of wet days), P, is the estimated rainfall probability for day ¢ and N is the

number of days in the record. The residual autocorrelation in the last column refers to
the lag 1 autocorrelation coefficient of the residuals {y; — P;}.

EV =1

(5)

For all stations six or seven predictors were selected. About 50% of the predictor functions
fi(z;) are non-linear. The u-velocity is the most significant predictor for De Bilt, Maas-
tricht, Hamburg and Hanover. For the more continental station Berlin relative humidity
becomes the most significant predictor. This is also the case for the southern stations. A
remarkable point is that vorticity has only a minor effect on rainfall occurrence at Vienna
and the Swiss sites. The baroclinicity is an important predictor for these sites. For the
Spanish sites the baroclinicity is not significant. Two different models are presented for
Vienna. For the first one the dynamical predictors are based on the 1000 hPa heights
and for the second one on the 850 hPa heights. Both models explain nearly 37% of the
variance of daily rainfall occurrence. Something similar was found for the three Swiss
stations. For the climate change applications for Berne in Sections 5.4 and 6 the model
with the 1000 hPa data in Table 6 is used. For the Spanish sites the use of 850 hPa
heights proved to be superior.

Relatively strong correlations were found between slp and vorticity ¢, (-0.35 to -0.49),
the 1000 hPa height A9 and vorticity Ciooo (-0.37 to -0.58), and the 850 hPa height hgsg
and 1000-500 hPa thickness thick (0.52 to 0.54). In most cases two separate predictor
effects were clearly identified. Only was the thickness not included in the rainfall occur-
rence models with 850 hPa data for Vienna and the Swiss sites. The consequences of the
use of both the thickness and the 850 hPa heights for the Spanish grid point are discussed
in Section 5.5.

The sequence of wet and dry days exhibits moderate persistence. The lag 1 autocorrela-
tion coefficient for Hanover is for instance 0.37. The residual autocorrelation coefficients
are much smaller (see Table 6) but still statistically significant. The persistence of daily
rainfall occurrence is thus not fully captured by the autocorrelation in the predictor vari-
ables. Inclusion of the wet-dry status of the previous day may improve the reproduction
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Table 6: Predictors for rainfall occurrence for different European sites. The first variable
in the row of predictors is the most significant predictor variable and the last variable the
least significant one. For the predictors in bold face f;(x;) is not linear.

Station Predictors Expl. Resid.
Variance Autocor.

De Bilt Up , rh, (,, vy , thick , b, slp 47.8% 0.111
Maastricht Uup , Th , v, , §, thick , b, slp 47.5% 0.117
Hamburg up , rh , §, thick , v, , b, slp 49.1% 0.138
Hanover up , Th , G, vy, thick , b, slp 46.2% 0.138
Berlin rh , up, , v, (, thick , b, slp 43.1% 0.125
Vienna rh , V1000 , b, chCk, U10005 <1000, h’lOOO 367% 0.139

rh , Uss0 , b, Uuss50 , <8501 h850 369% 0.131
Berne T‘h, V1000 ; U1000 ; b, thick y h1000 s CIOOO 474% 0.146
Neuchétel rh , 1000 5 V1000 , b, thick 5 h1000, CIOOO 456% 0.163
Payerne rh, %1000 , V1000 5 0, 1000, Ci000, thick 44.2% 0.144
Salto de Bolarque rh, usso , (s50, thick , vgsg, hsso 39.2% 0.129
Munera rh, ugso , Cs50, Vaso » thick , hgso 41.1% 0.123

of the persistence of daily rainfall occurrence. An other possibility is to develop separate
models for the probabilities of a wet day following a wet day and that of a wet day fol-
lowing a dry day (CONWAY et al., 1996; WILBY et al., 1998).

Figure 4 shows the estimates of the functions f;(x;) in Equation 1 for all seven predic-
tor variables for Hanover. The rainfall probability increases with increasing wind speed
from westerly and northerly directions. Weather conditions with strong westerly flow over
Europe are favourable for rainfall. The occurrence of showers at the rear of cold fronts
contributes to the relatively high rainfall probability in situations with strong northerly
flow. A relatively high rainfall probability on days with northerly flow was also observed in
Figure 1 for Berne. The opposite occurs at the two Spanish stations where rainfall proba-
bility increases with increasing southerly flow. Figure 4 further delineates the well-known
facts from meteorology that the probability of rain increases with increasing vorticity (or
cyclonality), relative humidity and baroclinicity, and that it decreases with increasing sea
level pressure. The decrease of P with increasing 1000-500 hPa thickness is similar for all
stations considered in this report.

4.2 Rainfall amount

The generalised additive model introduced in Section 2.2 was used to analyse the wet-day
precipitation amounts at all sites. Two different models were created for every site: one
model with specific humidity at 700 hPa (¢) as atmospheric moisture variable and an-
other one with precipitable water (pw) and relative humidity at 700 hPa (rh). It was not
possible to include both specific humidity and relative humidity into one model because
of the correlation between these two variables (0.39 for wet days at Payerne up to 0.59 for



14 4 RESULTS FOR RAINFALL OCCURRENCE AND RAINFALL AMOUNT

4t 198.5

2 189.9
—_ x
> IS
= O -54'7Q

2+ 114.1

20 -0 0 10 20 30 0 20 4 6 8 100 -006 000 005 010

u, inm/s rhin% gp in kHz
41 1985
2t 189.9
— X
& o} 15475
2F 114.1
-20 -10 O 107 2 5100 5400 5700 0.00 0.01 0.02
v, inm/s thickinm b in K/km
4k 1985
2+
E ol
2r 114.1

1000 1020 1040
slp inhPa

Figure 4: Estimates of the functions f;(x;) for the seven predictor variables in the additive
logistic model for rainfall occurrence at Hanover. The dashed lines mark pointwise 2 x
standard-error bands.



4.2 Rainfall amount 15

Table 7: Predictors for rainfall amount for different European sites. The first variable in
the row of the predictors is the most significant predictor variable and the last variable
the least significant one. For the predictors in bold face f;(z;) is not linear.

Station Predictors Expl.
Variance
De Bilt q,$, uy, slp, b, v, 29.7%
Cp s Uy, pw , Slp , Th, b, v, 32.0%
Maastricht q,Up, Vp,Cp,slp,b 30.2%
Up, PW , Vp, Th, Cp , b, slp 33.3%
Hamburg Up,q,Cp,Slp, vy, b 28.3%
Up, $p , PW , Th, vy , Slp , b 29.6%
Hanover Cp,q,up slp,v,, b 29.4%
¢p,rh,u,,pw, b v,,slp 31.3%
Berlin q,C,Vp,slp,b, up, 25.1%
pw , rh, v, , ¢, slp, b, u, 28.3%
Vienna V1000 5 4 ; 1000, b, h1000 22.1%
V1000 s Th , PW , Ci005 b5 h1000 25.4%
q, V850 , (8505 0, Usso, hsso 23.6%
Vgs0 , PW , Th, Ess0, b, hgso 25.0%
Berne q , V1000, b, R1000 ; %1000 > Ci000 20.6%
pw , b, V1000, P1000 ; Y1000 ; 7R, Ciooo  22.7%
Neuchatel 4, %1000, b, R1000, V1000 » Ci000 22.3%
pw, U000, b, TR, h1ooo, V1ooo ; Ciooo  25.6%
Payerne q, b, hiooo ; Y1000 5 Cio00 20.1%
pw, b, hiooo, U1000 ; TR, Ciooo 21.5%
Salto de Bolarque ¢, (gs0, hgso 11.8%
pw, Cgs0, hsso 13.3%
Munera Cs50, ¢, hsso 8.1%
pw, Cgs0, heso 9.0%

wet days at De Bilt). The correlation between relative humidity and precipitable water
(0.24 for wet days at Payerne up to 0.40 for wet days at Salto de Bolarque) is at every site
weaker than that between relative humidity and specific humidity. The chosen predictor
variables for both models and the explained variances are given in Table 7.

The models with precipitable water and relative humidity generally explain a somewhat
larger percentage of the variance of wet-day rainfall than those with specific humidity. For
the Netherlands, Hamburg and Hanover about 30% of the daily variance can be explained.
These are the highest values in Table 7. The percentage of explained variance is slightly
less for the more continental station Berlin in Germany. For Austria and Switzerland
only 20 - 25% of the daily variance in rainfall amount can be explained by the statistical
models. In these regions local effects like forced convection in the mountains become
more important. The rainfall models for the two Spanish sites Salto de Bolarque and
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Figure 5: Estimates of the functions f;(x;) for the six predictor variables in a generalised
additive model for wet-day rainfall at Hanover. The dashed lines mark pointwise 2 x
standard-error bands.

Munera explain substantially less of the daily variance (8.1 - 13.3%) than those for the
other investigated sites.

It is not possible to include all predictors for rainfall occurrence modelling in the statis-
tical model for wet-day rainfall. Because of its strong correlation with specific humidity
and precipitable water, the 1000-500 hPa thickness cannot be entered into the statistical
models for the wet-day rainfall amounts (Section 3.2). In only one of the four presented
models for Vienna the u-velocity is significant. The v-velocity is, however, an important
predictor variable for that station. For Payerne the v-velocity is not significant. This is
a marked contrast with the wet-day rainfall amount models for Berne. For the statisti-
cal description of the rainfall amounts at the two Spanish sites Salto de Bolarque and
Munera it turned out that beside an absolute moisture variable, the 850 hPa height and
the relative vorticity at 850 hPa are the only appropriate predictors.

Figure 5 shows the estimates of the functions f;(z;) in Equation 3 for all six predic-
tor variables in the model with specific humidity for Hanover. For specific humidity the
shape of f;(z;) resembles that for Berne in Figure 2. In the alternative rainfall amount
model for Hanover the expected rainfall amount increases with increasing precipitable
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water and relative humidity. The remaining predictor functions for rainfall amount show
qualitatively the same behaviour as those in rainfall occurrence modelling (compare Figure
4 with Figure 5).

4.3 Seasonal variation
4.3.1 Reproduction of the seasonal cycle

The relationships presented in Sections 4.1 and 4.2 were assumed constant over the year.
A quick test of this assumption is possible by comparing the observed rainfall probabilities
and mean wet-day rainfall amounts for each calendar month with those expected from
the models.

Figure 6 shows the reproduction of the seasonal cycles for rainfall probability at Hanover
and Berne. In both cases the models describe the observed seasonal cycle well. The errors
are generally not more than twice the standard error of the observed monthly means. For
Hanover there is a slight overestimation of the precipitation probability in the first half of
the year and an underestimation in the second half of the year. This discrepancy was also
found in the fits for the other German and the Dutch stations. For Berne there is some
overestimation of the precipitation probability in the spring months March and April,
which also occurs in the Neuchatel and Payerne data. A standard one-sample t-test on
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Figure 6: Observed and predicted seasonal cycles of the daily rainfall probability at
Hanover and Berne for the period 1968 - 1997. The error bars indicate twice the standard
error of the observed monthly means.
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Figure 7: Observed and predicted seasonal cycles of the mean wet-day rainfall amount
at Hanover and Berne for the period 1968 - 1997. In model 1 atmospheric moisture is
represented as specific humidity, and in model 2 as relative humidity and precipitable
water. The error bars indicate twice the standard error of the observed mean wet-day
rainfall amounts.

the differences between the observed and modelled monthly values shows that several of
these discrepancies are statistically significant at the 5% level. For Vienna the predicted
monthly means correspond reasonably with the observed values, except for the month of
April. The modelled values for the Spanish sites are all within the error bands of the
observed values. The rainfall probability in the spring months March, April and May is
overestimated at these sites.

Figure 7 compares the observed seasonal cycles of the mean wet-day rainfall amounts for
Hanover and Berne with that predicted by the fitted models. The two wet-day amount
models describe the seasonal cycles at these stations equally well. This holds also for
most other stations. For De Bilt, Maastricht and Hamburg, however, the model with
precipitable water and relative humidity performs somewhat better than the model with
specific humidity. The differences between the observed and predicted mean wet-day pre-
cipitation amounts are sometimes larger than twice the standard error of the observed
means?. For the three German and two Dutch stations the mean wet-day rainfall amount

2The standard error of the observed mean wet-day precipitation amount was derived here from the
sample standard deviation of the wet-day amounts, assuming independence between the daily values.
The use of the mean wet-day rainfall amounts for each month meets difficulties because of the random
number of wet days in a month.
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in May and June is underestimated. The largest underestimations (up to 0.9 mm per
wet day) were found for De Bilt and Hamburg. For Berne there is a rather strong over-
estimation (= 0.6 mm for both models) of the mean wet-day rainfall amount in March
and an underestimation during the second half of the year. The other two Swiss stations
show similar discrepancies. A considerable overestimation (/& 0.7 mm for the model with
specific humidity and ~ 0.9 mm for the alternative model) emerged for Vienna in April.
The models further overestimate the mean precipitation amounts for the Spanish sites in
July and August. For Munera the modelled values for these months are outside the error
bars of the observed means.

4.3.2 Separate seasonal models

The discrepancies between the observed and modelled seasonal cycles suggest that the
relationships are not constant over the year. For Hanover, the seasonal variation of the
effects of the predictor variables was investigated by modelling the data for the winter and
summer halves of the year separately. The results for the three most significant predictor
variables in the rainfall occurrence model are presented in Figure 8. In particular, the
effect of relative humidity is stronger in summer than in winter, whereas the effect of
vorticity is somewhat stronger in winter. The approximate x2-test in the Appendix shows
that the differences between two seasons are significant at the 1% level. For the wet-
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Figure 8: Estimates of the functions f;(z;) for westerly flow (u,), relative humidity at 700
hPa (rh) and relative vorticity ((,) of the additive logistic model for rainfall occurrence
at Hanover. Separate fits for the winter and summer halves of the year.
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Figure 9: Estimates of the functions f;(z;) for relative vorticity (¢,), specific humidity at
700 hPa (¢) and westerly flow (u,) of a generalised additive model for wet-day rainfall at
Hanover. Separate fits for the winter and summer halves of the year.

day rainfall model with specific humidity, Figure 9 compares the seasonal estimates of
the f;(x;) for the relative vorticity, specific humidity and u-velocity. The effect of the
u-velocity is much stronger in winter than in summer season. Like for rainfall occurrence,
the effect of relative vorticity is also somewhat stronger in winter. The improvement due
to using separate relationships for summer and winter halves of the year is significant at
the 1% level (approximate F-test).
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5 Changes in seasonal means

In this section the changes in the seasonal mean number of wet days and the seasonal mean
precipitation amounts are estimated for the end of the 21%' century using the results of
the ECHAM4/OPYC3 climate model described in Section 3.3. The seasonal mean values
for the present climate refer to the period 1968 - 1997 and those for the future climate to
the period 2070 - 2099.

5.1 Method of calculation

The mean number of wet days N,, and the mean precipitation amount R, for a particular
season (winter and summer) were calculated as:

N, = ;;pt (6)

1
Bor = > PR (7)
t

where P; is the modelled probability of precipitation for day ¢, R; is the expected pre-
cipitation amount for day ¢ given that it is wet, and J is the number of years. The
summation is over all days in the period concerned. The wet-day rainfall amount model
is thus applied for every day ¢ and not only for the wet days.

To estimate the seasonal mean number of wet days N, and the seasonal mean precipita-
tion amount Rj, for the end of the 21! century, Equations 6 and 7 were applied to the
perturbed predictor variables:

xf; = xy + Az (8)

where zy; is the value of the ith predictor for day ¢ in the period 1968 - 1997 (from the
NCEP reanalysis data) and Az; is the change in the mean of z; between the periods 1968
- 1997 and 2070 - 2099 in the climate model experiment. However, the perturbed daily
values of the relative humidity were not determined as rh+ Arh. They were derived from
the perturbed daily values of the specific humidity and temperature at 700 hPa.

5.2 Model modifications for use in climate change studies

In the case of climate change it is obvious that the range of the predictor variables is
somewhat different from that used in model construction. Unfortunately, the S-PLUS
software only provides the smoothed functions within the range of the observed data.
In order to make extrapolations, the smooth estimates of non-linear predictor functions
were replaced by piecewise linear functions. As an example the approximations for sea
level pressure (slp), specific humidity (¢) and v-velocity (v,) in a wet-day rainfall amount
model for Hanover are presented here. The predictor function for slp in that model is
splitted into a constant and a linear function:

_ agpo if  slp < cgp
f($lp) N { Asipo + Asipl (Slp - Cslp) if SZp Z Csip (9)
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Figure 10: Smooth estimate of the function f;(z;) for the sea level pressure slp in a
generalised additive model for wet-day rainfall at Hanover (solid line). The dotted lines
mark the accompanied 2 x standard error bands. The dashed line marks the piecewise
linear approximation.

where the knot ¢y, is located at 1005 hPa (see Figure 10). The predictor function for ¢

is also splitted into two functions, both linearly increasing with increasing ¢ (see Figure
11):

aq +aqaq if ¢<g
= . 10
) { Ao+ agicq +ap(g—c,) if ¢>¢ (10)

The piecewise linear splitting of the predictor function for v, is shown in Figure 12. In
this case f(v,) is approximated by a constant and two linear functions with two knots ¢,
and cyo:

A0 if Up > Cy2
f(v,) = Ayo + Gy1 (Cop — ) I 1 < vy < e (11)
Ayo + Ayl (CUQ - Cvl) + Ay2 (Cvl - Up) if Up S Cy1

The use of these piecewise linear approximations worsens the fit to the observed wet-day
rainfall amounts in terms of the deviance. The change in the deviance is, however, not
significant according to the approximate F-test in the Appendix. The piecewise linear
approximation for the relative vorticity predictor function is similar to that for the
specific humidity in Figure 11 with a knot at 0.02 kHz.
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Figure 11: Smooth estimate of the function f;(x;) for the specific humidity ¢ in a gener-
alised additive model for wet-day rainfall at Hanover (solid line). The dotted lines mark
the accompanied 2 x standard error bands. The dashed line marks the piecewise linear
approximation.
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Figure 12: Smooth estimate of the function f;(x;) for the southerly flow v, in a gener-
alised additive model for wet-day rainfall at Hanover (solid line). The dotted lines mark
the accompanied 2 x standard error bands. The dashed line marks the piecewise linear
approximation.
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Table 8: Estimated coefficients of the linear and piecewise linear functions in the wet-day
rainfall models with specific humidity (left) and in the rainfall occurrence models (right)
for De Bilt, Hanover and Berlin.

De Bilt Hanover Berlin De Bilt Hanover Berlin
agpr - 0.041 -0.033  -0.034 Asip -0.038 -0.032 -0.026
Uy 0.041 0.040 0.018 Ghickr - 0.0063 - 0.026 - 0.0025
a,; -0.048 -0.075 -0.076 Ohicke - 0.052  -0.052 - 0.047
a,2 -0.012 -0.016 -0.040 Ayl 0.20 0.24 0.18
aci 19.92 23.38 18.78 Ay2 0.062 0.088 0.101
aco 7.56 10.67 10.07 Uyl -0.15 -0.11 -0.13
aq1 0.63 0.67 0.83 Ay - 0.031 - -
Qg2 0.25 0.25 0.27 a¢ 37.81 40.82 30.31
ap 36.09 46.02 34.96 Qrh1 0.03 0.02 0.009
Qrh2 0.065 0.051 0.059
ap 72.41 61.29 54.17

Such piecewise linear approximations to the non-linear predictor functions were devel-
oped for the rainfall occurrence and amount models of De Bilt, Hanover, Berlin, Berne
and Salto de Bolarque. Approximations with more than two knots were not considered.

Although the resulting approximations are continuous, this does not hold for their deriva-
tives. In BRANDSMA and BUISHAND (1997) natural cubic splines were used. This leads
to smoother approximations but it makes the comparison between stations more difficult.

There are strong similarities between the piecewise linear approximations for the three
northern sites De Bilt, Hanover and Berlin. For all three sites the knots in the non-linear
functions of the rainfall amount model (i.e. f(slp), f(q), f(vp), f({,) in the model pre-
sented above) were chosen at the same location. The estimated regression coefficients do
not vary much between the stations except for the westerly flow (see Table 8). For the
more continental station Berlin the effect of the westerly flow on wet-day rainfall is much
weaker than that for De Bilt and Hanover. Another point is that the regression coefficients
for vorticity are relatively large for Hanover. In contrast with the other stations, vorticity
is the most significant predictor variable for wet-day rainfall at Hanover (see Table 7). In
the rainfall occurrence model two linear functions with a common knot at 5400 m were
used for the thickness. There is, however, a significant increase in the deviance of the
models if the knots for the velocity components and relative vorticity are taken to be the
same for the three stations. The function f(u,) was approximated by two linear functions
with a knot at 8.5 m/s (De Bilt) or by a constant and two linear functions with knots at
-3.5m/s and 11 m/s (Hanover and Berlin). For f(rh) two linear functions with a knot at
60% (De Bilt) or 40% (Hanover and Berlin) were chosen. For De Bilt f(v,) was splitted
into two linear functions with a knot at -1 m/s, whereas for Hanover and Berlin no split-
ting was necessary because f(v,) was already linear in the original models (see Table 6).
The estimated regression coefficients in the linear and piecewise linear predictor functions
for the three stations are presented in Table 8. The differences between the stations are
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small. Again the regression coefficient for vorticity is relatively large for Hanover.

5.3 Changes for De Bilt, Hanover and Berlin

In this section the changes in the seasonal means (number of wet days, rainfall amounts)
for the northern sites De Bilt, Hanover and Berlin are discussed. The seasonal means were
derived from Equations 6 and 7 using the fitted models with linear and piecewise linear
functions. The results are summarised in Table 9. The number of wet days decreases at
all stations mainly due to the increased 1000-500 hPa thickness. This change in thickness
has the strongest effect in summer because the slope of f(thick) is steeper at large values
of thick (Table 8). The decrease in vorticity during winter (Table 4) also contributes to
the decrease in the number of wet days, in particular at Hanover which has the largest
change in vorticity in the climate model output and the largest regression coefficient for
vorticity in the rainfall occurrence model. The relatively small decrease in the number of
wet days at Berlin is partly due to changes in the velocity components at the chosen grid
point for that site. The effects of the changes in the other predictor variables are negligible.

Despite the decrease in the mean number of wet days, a larger seasonal mean rainfall
amount is obtained if the wet-day rainfall model with specific humidity is applied. This
is mainly caused by the increased specific humidity in the future, which leads to an in-
crease of 20 - 25% in the mean wet-day precipitation amount. For De Bilt and Berlin the
increase in mean summer rainfall is smaller than that in mean winter rainfall because of
the stronger decrease in the number of wet days in summer. The changes in precipitation

Table 9: Observed seasonal mean number of wet days and seasonal mean rainfall amounts
(1968 - 1997) at De Bilt, Hanover and Berlin, and their estimated changes for the end of
the 21°¢ century (2070 - 2099). In model 1 atmospheric moisture is represented as specific
humidity in the relationship for the wet-day precipitation amounts, and in model 2 as
relative humidity and precipitable water.

De Bilt Hanover Berlin

Winter Summer Winter Summer Winter Summer
Wet days
Observed number 107 86 101 97 94 81
Change in % -9 - 17 - 14 - 18 -6 - 13
Rainfall amount
Observed in mm 416 385 299 349 258 324
Change in %
e Model 1 + 13 + 6 0 +1 + 19 + 3
e Model 2 +3 -9 -9 -10 + 7 -9

e ECHAM4/0PYC3 + 10 -11 + 12 -7 + 12 -13
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are quite different if the alternative wet-day rainfall model with precipitable water and
relative humidity is applied. Then, there is no longer a general increase in the seasonal
mean rainfall amounts. Precipitable water and relative humidity are positively correlated
(Section 4.2). Each individual moisture variable then contributes less to the wet-day
precipitation amounts than specific humidity in the other model. The smaller effect of
the change in precipitable water than that in specific humidity and the fact that there
is only little change in relative humidity leads to a smaller change in the seasonal mean
precipitation amounts. The decrease in vorticity has a negative impact on the mean wet-
day rainfall amounts but this impact is much smaller than that of the increase in specific
humidity, in particular for De Bilt and Berlin. The perturbations of the other predictor
variables were not large enough to cause a significant change in seasonal mean precipita-
tion.

Especially the expected changes in the seasonal mean rainfall amounts from the sta-
tistical model with precipitable water and relative humidity are comparable with those
from the ECHAM4/OPYC3 output. The only exception is the change in mean winter
rainfall at Hanover. This can be attributed to the strong vorticity effect on the estimated
change from the statistical model.

5.4 Changes for Berne

The results for the seasonal mean number of wet days and the seasonal mean rainfall
amounts at Berne are summarised in Table 10. Like for the Dutch and German sites the
mean number of wet days decreases and the largest decrease occurs in the summer half of
the year. This can again be attributed to the increased 1000-500 hPa thickness. Vorticity
is for Berne less important than for the three northern sites. However, the changes in the
velocity components strengthen the decrease in the number of wet days for the summer
half of the year. The other perturbed predictors have very little influence on the change
in the number of wet days.

The mean winter rainfall amount increases because of the larger atmospheric water con-
tent in the future climate. For the summer half of the year the effect of the increased
specific humidity is not strong enough to compensate the decrease in the number of wet
days. Moreover, the changes in the velocity components have an adverse effect on the
mean wet-day rainfall amounts in summer (BUISHAND and BECKMANN, 2000). For the
same reason as for the three northern sites, the results for the wet-day rainfall model
with specific humidity differ from those for the model with precipitable water and relative
humidity.

The changes in the simulated mean precipitation amounts of the ECHAM4/OPYC3 model
are approximately in the same range as those derived from the statistical models. For
the summer months June to August (JJA), HEIMANN and SEPT (2000) found a consid-
erable decrease in precipitation in the area around Berne using a statistical-dynamical
downscaling method and the same GCM scenario.
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Table 10: Observed seasonal mean number of wet days and seasonal mean rainfall amounts
(1968 - 1997) at Berne, and their estimated changes for the end of the 215 century (2070
- 2099). In model 1 atmospheric moisture is represented as specific humidity in the
relationship for the wet-day precipitation amounts, and in model 2 as relative humidity
and precipitable water.

Winter Summer

Wet days
Observed number 82 87
Change in % -9 - 21

Rainfall amount
Observed in mm 417 623

Change in %

e Model 1 + 10 -3
e Model 2 + 3 -7
e ECHAM4/0PYC3 + 4 0

5.5 Changes for Salto de Bolarque

The last climate-change application in this section pertains to the Spanish station Salto
de Bolarque. For this station only the wet-day rainfall model with specific humidity was
considered to calculate the changes in the seasonal mean rainfall amounts. The results
are presented in Table 11. The relative decrease in the number of wet days is larger than
that at De Bilt, Hanover, Berlin and Berne. Due to the smaller rainfall frequency at Salto
de Bolarque, the absolute decrease in the number of wet days is not much different from
that at the other stations. Furthermore, the increased 1000-500 hPa thickness is not the
only factor that causes the decrease in the number of wet days. There is also a substantial
contribution from a weakening of the westerly flow in the future climate. These effects are
somewhat counteracted by the change in the southerly flow. The stronger decrease of the
summer rainfall probability is mainly due to the larger increase in thickness in summer
and the steeper slope of the predictor function at large values of the thickness.

The rainfall occurrence model for Salto de Bolarque contains both the 1000-500 hPa
thickness and the 850 hPa geopotential height. The correlation coefficient between these
two variables is 0.52. The higher mean temperatures in the future climate do not only
lead to an increase in thick but also in hgsg. However, the increase in the latter has only
a modest effect on the number of wet days. The impact of thick on the number of wet
days becomes somewhat stronger if hgsy is dropped from the model. For the winter half
of the year this reduced model gives the same change in the number of wet days, whereas
for the summer half of the year a somewhat larger decrease is found (42% instead of 39%).
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Table 11: Observed seasonal mean number of wet days and seasonal mean rainfall amounts
(1968 - 1997) at Salto de Bolarque, and their estimated changes for the end of the 215
century (2070 - 2099). Atmospheric moisture is represented as specific humidity in the
statistical model for the wet-day precipitation amounts.

Winter Summer

Wet days
Observed number 49 33
Change in % -24 - 39

Rainfall amount
Observed in mm 249 204

Change in %
e Statistical model - 15 -21
e ECHAM4/0OPYC3 - 15 -13

Table 11 shows a decrease in the seasonal mean rainfall amounts at Salto de Bolarque.
This decrease is the result of the strong decrease in the rainfall probability. The relative
decrease in the seasonal mean rainfall amounts is smaller than that in the number of wet
days because of the larger wet-day precipitation amounts in the future climate due to the
increased specific humidity. There is further a negative effect of the increased geopoten-
tial height at 850 hPa on the wet-day precipitation amounts. This effect is questionable,
however, because the change in hgsq is more related to changes in the temperature than
to changes in the atmospheric circulation, c¢f. ZORITA and VON STORCH (1999). Remov-
ing hgso from the model for wet-day rainfall does, however, not lead to larger wet-day
precipitation amounts in the future climate, because the regression coefficient for specific
humidity is smaller in the reduced model. The contribution of the vorticity to the change
in seasonal mean rainfall amounts at Salto de Bolarque can be neglected.

The large-scale climate model also predicts a considerable decrease in the seasonal mean
rainfall amounts at the grid point nearest to Salto de Bolarque. For the winter months
this result corresponds exactly with the estimate from the downscaling technique.
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6 Daily precipitation scenarios for Berne

Two different methods of scenario construction are presented for the Swiss station Berne:
e Perturbation of the observed daily precipitation record at Berne
e Conditional simulation of daily precipitation using a Monte Carlo method

The two methods are compared by computing the 90 percentile of the distributions of
the N-day annual maximum precipitation amounts (‘10-year event’). Only one model for
the wet-day rainfall amount is considered, namely that with specific humidity.

6.1 Time series perturbation

Daily precipitation scenarios have often been obtained by multiplying the observed precip-
itation amounts by a constant factor, for example, the ratio between the seasonal means
of the future and present climate in a GCM experiment. The mean number of wet days
then remains unaltered in the future climate. In order to produce a scenario with less wet
days, KLEIN TANK and BUISHAND (1995) suggested randomly replacing wet days by dry
days using the probabilities of precipitation from the logistic model. Let AM denote the
expected decrease in the number of wet days from Equation 6. To achieve such a decrease
under perturbed climate conditions, a wet day 7 is replaced by a dry day with probability
IL,, given by:

(1—Py)
" (1 pe\d
where P? is the probability of rain in the future climate. Here, the summation is over
all wet days in the observed record. The parameter # was taken as 1 by KLEIN TANK

and BUISHAND (1995). The probability I, then increases linearly with the probability
1—P? that day 7 is dry. To ensure that I, < 1 for all 7, AM may not exceed Y, (1 — PT*)H.

I, = AM (12)

Future daily precipitation amounts Ry; on the remaining wet days are obtained by scal-
ing the observed daily rainfall values R,; by the ratio between the expected values in the
future and present climate:

R*
th = Ry - ﬁt

P

with % = oxp |3 (i (22) = fi (22)) (13)

t =1

Because of the log-link function in the model for the wet-day rainfall amounts the adjust-
ment only depends on the changes in the values of the f;(z;). The scaling factor reduces
to a constant if these functions are linear.

Although the method is able to reproduce the changes in the mean number of wet days
for Berne in Table 10, this is not necessarily true for the changes in mean seasonal or
annual precipitation. The latter are influenced by the choice of # in Equation 12. For
Berne, a reasonable agreement with the estimated changes in the mean rainfall amounts
could be achieved by setting 6 equal to 1 for the winter half of the year and 0.5 for the
summer half of the year.
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6.2 Conditional simulation

Here the term conditional simulation implies that daily precipitation is generated condi-
tional on the values of the predictor variables. This can be undertaken for both present
and future climates.

For present climate conditions, a synthetic sequence can be generated as follows. For
each day ¢ a binary variable Y; is drawn, taking the value 0 (dry day) with probabil-
ity 1 — P, and 1 (wet day) with probability P;. In the latter case a random amount is
generated as:

Rsim,t = wi Ry (14)

where R; is the expected rainfall amount for day ¢ from Equation 3 and w; is a positive
random variable with mean 1, for example,

1
wy = —Gam(k) (15)

K
with Gam(k) a standard gamma variable with shape prameter k. The gamma distribu-
tion has often been used in unconditional simulations of daily precipitation (WILKS and
WILBY, 1999). It is also the standard distribution in generalised additive models with
constant coefficient of variation C'V. The following relationship exists between x and C'V:

1
oV
It is therefore possible to preserve both the mean value and C'V of the precipitation
amounts.

K (16)

The simulation of future climates is undertaken in the same way. The expected changes
in the mean number of wet days and the seasonal mean rainfall amounts are the same as
those derived from Equations 6 and 7. However, the seasonal cycles of the monthly means
of the generated sequences show the same discrepancies as that observed in Figures 6 and
7 for Berne. In addition, extreme-value properties may not be preserved, as demonstrated
in the following section.

6.3 Evaluation based on N-day annual maximum precipitation
amounts

Percentiles of the distribution of annual maximum precipitation amounts over different
time-intervals have often been used in hydrological design. From an engineering point of
view, it is therefore more meaningful to study these percentiles than the frequency distri-
bution or exceedance frequencies of the daily rainfall amounts. Here, the 90" percentile
of the distribution of the N-day annual maximum rainfall amounts is considered for N =
1, 3, 10 and 30. In the hydrological literature, this percentile is usually denoted as the
10-year event because it is exceeded on average once in 10 years. The 10-year events were
derived by fitting Gumbel distributions to the annual maxima using probability-weighted
moments (LANDWEHR et al., 1979).
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Table 12: Estimates of the 90" percentile (10-year event) of the N-day annual maximum
precipitation amounts at Berne from the observed data and simulated sequences (average
of 20 runs for each simulation method).

Method of 10-year event in mm
generating wy cv N=1 N=3 N=10 N=30
HAY et al. (1991) 1.29 128 184 269 381
Gamma 1.16 96 133 218 328
Gamma variable 70 106 188 299
Observed 1.16 65 99 149 258

Table 13: Percentage changes in the 10-year event of the N-day rainfall amounts at
Berne for different scenarios for the end of the 215 century (averages of 20 runs for each
simulation method and w; generated from a gamma distribution).

Change in 10-year event in %

Scenario N=1 N=3 N=10 N=30
Perturbed record 15 16 11 9
Simulated sequences with constant C'V 15 14 12 11
Simulated sequences with variable C'V 6 7 7 8

Table 14: Percentage changes in the 10-year event of the N-day rainfall amounts at Berne
for different scenarios for the end of 21%¢ century (averages of 20 runs for each simulation
method and w; generated from a gamma distribution) based on statistical models without
baroclinicity as predictor variable.

Change in 10-year event in %

Scenario N=1 N=3 N=10 N=30
Perturbed record 12 9 9 6
Simulated sequences with constant C'V 13 12 8 5
Simulated sequences with variable C'V 10 12 6 3
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Figure 13: Coeflicient of variation C'V of the wet-day rainfall amounts at Berne as a
function of the expected rainfall amount from Equation 3. Each dot represents an estimate
of CV based on about 350 values, except for the last class where only 50 values were
considered. The solid line is obtained using a locally weighted running line smoother with
a span of 0.5; the dashed lines mark pointwise 2 x standard-error bands.

Table 12 compares the 10-year events of simulated sequences for present conditions with
those of the observed data at Berne. In the method of HAY et al. (1991) w; is generated
as the product of a uniformly distributed random number between 0 and 2 and a stan-
dard exponential variable. The extremes are too large in the resulting scenario, mainly
because C'V is not preserved (C'V? is always 5/3 in that method). The 10-year events are
still too large if w; is generated from a gamma distribution with the same C'V' as that of
the observed data. The problem is that C'V decreases with the expected wet-day rainfall
amount R, (see Figure 13). A marked improvement in the reproduction of the 10-year
events is achieved by incorporating this dependence in the simulation algorithm. For this
application the smooth curve in Figure 13 was approximated by a piecewise linear func-
tion like the non-linear functions in the models for P and R.

Table 13 presents the estimated changes in the 10-year events between the periods 1968
- 1997 and 2070 - 2099. All scenarios show an increase in this extreme-value character-
istic. This is because the effect of the higher wet-day rainfall amounts resulting from
the increase in specific humidity dominates that of the decrease in the number of wet
days. For time series perturbation, the changes are comparable with those for conditional
simulation with a constant C'V. Smaller changes are found if the decrease of C'V with R,
is taken into a account, in particular for N =1 and N = 3.
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Both the reproduction of the 10-year events and their changes under perturbed climate
conditions are thus influenced by the representation of the coefficient of variation C'V.
The crucial aspect is the change in C'V for large values of R, and Figure 13 shows that this
change is quite uncertain. The estimated C'V for days with R, > 20 mm was 0.58, which
is considerably lower than the values for other days with large expected rainfall amounts.
The cause of this drop in C'V is that the expected rainfall amount from the model is in
fact too large (see Section 7). A crude way to get rid of this model deficiency is to remove
the baroclinicity from the model for wet-day rainfall amounts. The C'V then decreases
less rapidly for large values of R, than that observed in Figure 13. Table 14 presents the
changes in the 10-year events for the case that there is no baroclinicity in the statistical
models for rainfall occurrence and the wet-day rainfall amounts. The differences between
the scenarios are smaller than those shown in Table 13.
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7 Model deficiencies

In Section 6 it was noticed that the C'V for Berne depends on the expected wet-day pre-
cipitation amount R,.. It decreased rapidly for large values of R,. A similar drop was
also found for Neuchatel, De Bilt, Hanover and Berlin. For this reason the model for the
wet-day rainfall amounts is explored further in this section.

In Figure 14 the observed wet-day rainfall amounts at De Bilt, Hanover and Berlin are
plotted against their expected values from the fitted model with specific humidity as
moisture variable and piecewise linear approximations to non-linear predictor functions.
There is a good correspondence between the observed and predicted values except for the
last class in which the models strongly overpredict the true wet-day rainfall amounts. The
largest bias of 5.7 mm is found for Hanover. This bias also appears if the loess smoother
is used to estimate the non-linear functions f;(z;) instead of piecewise linear approxima-
tions. It further emerged that the bias could not be removed by fitting separate models
to the data for the winter and summer halves of the year (Section 4.3.2).

A wrong choice of the link function in the model for the wet-day rainfall amounts could be
another reason for the observed discrepancy in Figure 14. The use of a log link function
implies that n = In R is additive in the predictor variables. A more general link function
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Figure 14: Observed mean wet-day rainfall amounts versus the expected wet-day rainfall
amounts from fitted relationships for De Bilt, Hanover and Berlin. The fitted relationships
contain specific humidity as moisture variable. Each mean value is based on about 350
values, except for the last class, where only about 50 values were considered.
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is the power link function:
_R*-1
T=7X
The log link corresponds to the limit case A = 0. A simple test of whether the log link is

acceptable can be obtained from a Taylor series expansion of 7 about A = 0 (PREGIBON,
1980; McCULLAGH and NELDER, 1989):

(17)

1
n~InR+ §A(lnR)"’ (18)
Equation 18 can be rewritten as:
1 2
InR ~ n— 5)\ (In R) (19)
p 1 9
i=1 2

Given the first estimate R; using the log link function, the analysis is repeated with the
extra predictor variable (In R;)® /2. For Hanover it turned out that the contribution of
this extra predictor is not significant, which supports the use of the log link function.

In the generalised additive model with log link function the contribution of the ith pre-
dictor to In R is f;(z;), independent of the values of other predictors. Interaction occurs
if the value of a predictor determines the effect of other predictors. The fact that possible
interactions are ignored seems to be the main reason for the overestimation of the mean
wet-day precipitation amounts in extreme situations. For Hanover significant interactions
were discovered by dividing the data into three vorticity categories:

1. ¢ <—001 kHz
2. —0.01<¢ <4001 kHz
3. (>+0.01 kHz

Each class contains about the same amount of data. Table 15 shows that the regression
coefficients for the u-velocity and baroclinicity in the third vorticity class strongly deviate
from those in the other two classes. The use of separate models for the three vorticity

Table 15: Estimated coefficients a, and a; for the u-velocity and baroclinicity in wet-
day rainfall amount models with specific humidity for Hanover. Separate fits for three
different vorticity classes.

Vorticity  a, ap
class
1 0.038 36.13

2 0.041 41.16
3 0.023 52.81
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Figure 15: Observed mean wet-day rainfall amounts versus the expected wet-day rainfall
amounts from three different fitted relationships for Berne. All fitted relationships contain
specific humidity as moisture variable. Each mean value is based on about 350 values,
except for the last class, where only 50 values were considered.

classes reduces the bias in extreme wet-day rainfall at Hanover from 5.7 to 2.4 mm.

Incorporation of interaction terms is a rather tedious job and makes the model quite
complex. For Hanover, the interaction terms relate to vorticity that was poorly repro-
duced by the ECHAM4/OPYC3 model. Deletion of vorticity could therefore be an option.
The bias in the upper wet-day rainfall amount class is then not more than 0.5 mm.

For Berne a large overprediction of the observed wet-day rainfall amount is found for
days with R, > 20mm (Figure 15). Closer examination of these cases revealed that large
residuals are quite often accompanied by large values of f(b). The bias disappears if the
baroclinicity is removed from the model.

In order to investigate possible interactions, three baroclinicity classes were distinguished:

1.  b<0.006 K/km
2. 0.006<b<0.010 K/km
3. 5>0.010 K/km

with about the same number of days in each class. It emerged that the regression co-
efficients for the u- and wv-velocities, the relative vorticity and the 1000 hPa height are
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not constant over these three classes. Figure 15 shows that the bias in the upper rainfall
amount class decreases if separate models for each baroclinicity class are used. It also
provides a significantly better fit to the data than a single additive model (appoximate
F-test).
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8 Discussion and conclusion

Generalised additive models are flexible tools to explore the dependence of daily rainfall
on other meteorological variables. Within this modelling framework it is convenient to
analyse rainfall occurrence and the wet-day rainfall amounts separately. In this report
daily rainfall at eleven sites in the Netherlands, North Germany, Austria, Switzerland
and Spain was linked to atmospheric moisture and circulation variables from the NCEP
reanalysis. For rainfall occurrence the relative humidity at 700 hPa is always one of the
most significant predictors, whereas the specific humidity at 700 hPa and the precipitable
water are powerful predictors for the wet-day rainfall amounts. This is in contrast with
MURPHY (2000) who fitted linear regression equations to monthly rainfall amounts at 976
sites in Europe. Atmospheric moisture was rarely selected in that work.

Various circulation variables were considered. Their importance is region specific. Vortic-
ity is one of the most significant predictors for stations in the Netherlands, North Germany
and Spain but not for Vienna and the Swiss stations. A rather low influence of vorticity
on daily rainfall has also been observed for a number of regions in the USA (WILBY and
WIGLEY, 2000). Baroclinicity is a powerful predictor for Vienna and the Swiss sites but
is not significant for the Spanish sites. The u- and v-velocity components are often im-
portant predictor variables. Wet-day rainfall at the Spanish sites could, however, not be
linked to a velocity component. Circulation variables having a relatively strong influence
on rainfall occurrence at a particular site often show a similar strong influence on the
wet-day rainfall amounts.

Small discrepancies in the modelled seasonal cycles of rainfall occurrence and the mean
wet-day rainfall amounts were observed. For six of the eleven stations estimates of the
changes in the seasonal mean rainfall amounts for the end of the 21°* century were pre-
sented using the fitted statistical models with perturbed predictor variables. The pertur-
bations were derived from the output of the time-dependent GHG experiment with the
ECHAM4/OPYC3 model. In most cases the estimated changes agree well with those in
the simulated rainfall of the climate model. The estimated change in seasonal mean rain-
fall from the statistical downscaling relationships is strongly determined by two factors:
(i) the increase in the 1000-500 hPa thickness leading to a decrease in the number of wet
days, and (ii) an increase in the specific humidity and precipitable water leading to larger
wet-day rainfall amounts. The magnitudes of the changes in seasonal mean rainfall are
sensitive to the moisture variables entered into the model for the wet-day precipitation
amounts. The comparison with the ECHAM4/OPYC3 simulation does not provide suffi-
cient evidence to make a choice between the inclusion of specific humidity or precipitable
water and relative humidity. The fact that a model with precipitable water and relative
humidity explains a somewhat larger proportion of the variance of the wet-day rainfall
amounts is of little interest for daily precipitation scenario development. More compar-
isons with GCM simulations are needed to get a better insight into the moisture variables
to use.

A decrease in the number of wet days at mid latitudes has also been observed in other
GCM simulations with enhanced greenhouse gas concentrations (CUBASCH et al., 1995;
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HENNESSY, et al., 1997). It has been attributed to a larger fractional contribution of con-
vective precipitation to the total seasonal amounts. However, decreases in the number of
wet days without an increase in the convective fraction have also been observed (JONES
et al., 1997). It is further not clear whether the change in the number of wet days is
adequately described by the increased 1000-500 hPa thickness in the future climate.

A large decrease in the relative vorticity at the considered grid point for Hanover strongly
influences the change in mean winter precipitation at this site. However, little confidence
could be put on this decrease because of the large bias in the relative vorticity in the
ECHAM4/OPYC3 simulation, resulting from a poor reproduction of the gradients in the
mean sea level pressure at neighbouring grid points. Circulation variables should be cal-
culated over a larger domain to cope with such biases. It is, however, not obvious how
large this domain must be. A larger domain may reduce the performance of the regression
models and the biases in the simulated circulation variables are model dependent. For
Berlin and Salto de Bolarque the changes in the velocity components substantially con-
tribute to the change in the mean number of wet days. The other changes in circulation
variables have little influence on the mean number of wet days and the rainfall amounts.
Moreover, these changes are often not significant and small compared with the bias in the
climate model output.

A limitation of the presented downscaling relationships is that they are unable to take
the effects of potential changes in the vertical atmospheric stability into account. A hu-
mid unstable vertical temperature gradient is a necessary condition for development of
atmospheric convection and convective precipitation. For De Bilt the use of a number of
stability indices was examined, among which HANSSEN’s (1965) thickness index and the
K-index (KARL et al., 1990, MURPHY, 2000). The latter shows the strongest correlation
with daily precipitation. However, the K-index is correlated with the moisture variables
in this study, because it contains the temperature and the dew point temperature at 700
hPa. It was therefore not possible to enter both the K-index and relative humidity into
the rainfall occurrence model. The relative humidity appears to be the better predictor.
It was also not successful to use the K-index together with the specific humidity in the
wet-day rainfall amount model. The Hanssen index is only marginally significant. One
difficulty is that in very unstable situations there can be no or little precipitation at the
target point and much precipitation somewhere else. The Hanssen index has a much better
skill if one is interested in the largest rainfall amount in a region rather than local rainfall.

Another problem is the inclusion of the effect of forced convection in mountainous regions.
For a single mountain range SINCLAIR (1994) estimated orographically forced vertical mo-
tion w as the scalar product of the low-level wind in coarse resolution analyses from the
European Centre of Medium-Range Weather Forecasts (ECMWF) and the height gradi-
ent of the topography. This method is not applicable to areas with a complex structured
orography like that studied in Switzerland. Wind fields of high spatial resolution may
then be needed, which are neither in the NCEP reanalysis available nor in the GCM data.

Besides the choice of predictor variables the structure of the statistical models could be
questioned, in particular that for the wet-day rainfall amounts. For Hanover and Berne it
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was shown that the assumption of additivity of predictor effects leads to a poor reproduc-
tion of extreme daily rainfall. Moreover, stochastic simulation of daily precipitation for
Berne showed that a good description of the coefficient of variation is necessary if extreme-
value properties are of interest. In the case of a constant, or almost constant, coefficient
of variation a simple time series perturbation technique can be a useful alternative to
stochastic time series simulation.
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Appendix

Deviance statistics

The deviance is a measure of the discrepancy of a fit. It is baed on the likelihood func-
tion. For the standard linear regression model the deviance reduces to the residual sum
of squares. This appendix sketches the use of the deviance in model selection. A detailed
discussion of the deviance is given in MCCULLAGH and NELDER (1989). The approximate
x?- and F-tests for generalised additive models are presented in HASTIE and TIBSHIRANI
(1990).

Using the same notation as in Section 2.1, the deviance for the rainfall occurrence model

reads:
N
Yt 1 - yt)
D=2 In{ = 11—yl Al
;ytn(Pt)H yt)n<1—Pt (A1)
For the wet-day rainfall amount model, the deviance is given by:
N,
W [Ror — R R
D=9 oT T 1 ( OT) A2
Tz::l RT ! RT ( )

where R,, and R, are the observed and expected rainfall amount for the 7th wet day,
respectively, and NV, is the observed number of wet days. Note that D = 0 for a perfect
fit, i.e. R, = R,, for all 7. The better the fit, the smaller the deviance will be.

Akaike’s selection criterion is based on the statistic:
AIC =D+ 2v¢ (A3)

where ¢ is the dispersion parameter (¢ = 1 for the rainfall occurrence model and ¢ = CV?
for the rainfall amount model) and v is the number of degrees of freedom in the fit. Inclu-
sion of a linear predictor results in one extra degree of freedom and using a running-line
smoother with a span of 0.5 corresponds to about three degrees of freedom for each pre-
dictor (HASTIE and T1BSHIRANI, 1990). The best model is the one with the lowest AIC
statistic rather than that with the smallest deviance. The penalty term 2v¢ prevents
from overfitting.

For the inclusion of an extra parameter or the use of a non-linear predictor, the ap-
proximate x?- and F-tests are more severe criteria than the AIC statistic (HASTIE and
TI1BSHIRANI, 1990). These tests are based on the decrease AD in the deviance:

where D; is the deviance for the smaller model (with v; degrees of freedom) and D, the
deviance for the larger model (with vy degrees of freedom). Under the null hypothesis
that the smaller model is correct, the distribution of AD/¢ can be approximated by the
x2-distribution with v, — v; degrees of freedom. This test assumes that the dispersion
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parameter ¢ is known (rainfall occurrence model). The F-distribution has to be used if ¢
is replaced by an estimate (model for wet-day rainfall). Because of the large sample sizes
in this study, the approximate F-test is almost identical to the x2-test.

Seasonal variations of relationships can also be tested with the approximate y2- and
F'-tests. For the example in Section 4.3.2 the test compares the deviance D; for the con-
stant model with the deviance D, for the separate fits for the winter and summer halves
of the year. The latter is obtained as the sum of the deviances for the two seasons.
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