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1. INTRODUCTION

This study is the first attempt to evaluate the effect of

the doubling of the atmospheric CO2 content on

extreme storm surges and wind waves in the Adriatic

Sea. The results are particularly important for the

Venetian littoral, the flat northern coast of the Adriatic

Sea, which is particularly vulnerable to storm surges

and high wave conditions. An intensification or a vari-

ation of the present characteristics of the marine storms

in this area could necessitate the reorganization of the

coastal defense for the protection of an economically

important area and a unique historical and environ-

mental heritage. 

The input information for this analysis has been

obtained from two 30-yr long time-slice experiments

carried out with the ECHAM-4 model at the Danish

Meteorological Institute (DMI) and simulating the

global atmospheric circulation: a CTR (control) experi-

ment, which reproduces the present climate, and a

CO2 experiment, which simulates the effect of a

doubled atmospheric CO2 content (May 1999). The

CO2 experiment is based on an updated IS92a scenario

(IPCC 1994), including, besides CO2, methane, nitrous

oxide and several industrial gases. Both experiments

were carried out at T106 resolution, corresponding to a

160 × 320 global Gaussian grid, with 19 vertical levels.

An explicit goal of this experiment was to provide

information for regional climate-change studies. Al-

though the T106 resolution is high for a global climate

simulation, it is inadequate for the reproduction of the

surface wind fields in the Adriatic Sea. When trans-

ferred to a latitude-longitude grid corresponding to

this resolution, the whole T106 wind field in the Adri-
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atic Sea is represented by approximately 10 grid

points, and there is a very poor reproduction of the

deformation of the wind flow due to the mountain

ridges surrounding the basin. Therefore, it is not possi-

ble to use directly the T106 wind fields, and a down-

scaling procedure is necessary for the computation of

the storm surges and the wave fields. 

The approach adopted in this study exploits the rela-

tionship between SLP (sea-level pressure) and surface

wind in order to derive the wind fields with a 0.25° res-

olution in the Adriatic Sea from the SLP fields at T106

resolution. The downscaled (regional) wind fields are

used as common input for the barotropic shallow water

model (HYPSE, Hydrostatic Padua Sea surface Eleva-

tion model), which predicts the surge level, and the

third generation WAM model (WAve Model, WAMDI

Group 1987), which predicts the wave spectrum.

HYPSE is a standard barotropic model in curvilinear

coordinates whose numeric is similar to the external

mode of the well-known POM (Princeton Ocean

Model, Blumberg & Mellor 1987) coastal model, but it

includes the SLP forcing and the astronomical tide.

HYPSE and WAM have already been successfully used

in the prediction of wave heights and surge levels in

the Adriatic Sea (e.g. Lionello et al. 1998). 

This procedure has been applied to 2 types of simu-

lations: hindcasts and scenario simulations. There are 2

scenario simulations: the CTR simulation, reproducing

the present climate, and the CO2 simulation, reproduc-

ing the doubled-CO2 scenario. The purpose of the

hindcasts is to validate the procedure, showing its

potential and limitations. The purpose of the scenarios

is to investigate the presence of a climate-change sig-

nal in waves and surge levels in the Adriatic Sea.

When the input SLP is extracted from the ERA-15 data-

set (ECMWF 15 yr reanalysis; Gibson et al. 1996), the

computed wave and sea-surface elevation fields are

the result of a hindcast study which can be compared

to the observations and used for the validation of this

procedure. When the input SLP fields are produced by

the time-slice experiments of the CO2 and CTR climate

scenarios, the resulting wave and sea-surface eleva-

tion fields are simulations of the regional (Adriatic)

wave and surge scenarios, which are used for the

climate-change analysis. 

This paper is organized in the following way. Sec-

tion 2 describes the statistical downscaling of the wind

fields and the whole procedure for the computation of

wave fields and surge levels. Section 3 describes a set

of hindcast studies for the validation of the downscal-

ing procedure against wave and surge observations.

Section 4 describes the results of the scenario simula-

tions and of the extreme value analysis for the surge

level (Section 4.1) and for the SWH (significant wave

height; Section 4.2). A major limitation of the down-

scaling procedure is that there is no compensation for

the low time resolution used for the output of the large-

scale fields and a well-known tendency to produce

smooth space-time distributions. The importance of

these effects is analyzed in Section 4.3. The outcomes

of the study are summarized in Section 5. 

2. THE DOWNSCALING PROCEDURE

The quality of the surface wind fields is a crucial ele-

ment for the accurate reproduction of the storm surge

and of the wave fields, because the wind fields repre-

sent the common forcing for both models. The surge

level depends also on the SLP field, though this plays a

minor role in the shallow northern part of the Adriatic

Sea. Moreover, the SLP is expected to be well repro-

duced at T106 resolution. Therefore no downscaling of

the SLP fields was carried out, and the SLP fields at

T106 resolution were simply interpolated on the grid of

the shallow-water model. 

The downscaling procedure uses, as predictor, the

SLP values interpolated on a regular latitude-longitude

grid with a resolution of approximately 1.1°, covering

the area 10.1° W–40.5° E, 25.3–52.1° N, and it pro-

duces, as predictand, the wind fields on a regular

grid, with a resolution of 0.25°, covering the area

11.25–20.0° E, 38.0–46.0° N. The areas of predictor and

predictand are shown in Fig. 1. 

The downscaling of the wind fields follows a standard

procedure based on the CCA (canonical correlation

analysis) of the fields prefiltered using PCA (principal

component analysis). An exhaustive description can be

found in Bretherton et al. (1992). The procedure (shown

in Fig. 2) includes a prefiltering of both predictor and

predictand fields based on PCA. CCA of the T106 SLP

fields and the regional wind fields produces the canon-

ical maps and the correlation coefficients for the predic-

tion of the downscaled winds from the whole time

series of the T106 SLP fields. In order to make available

both the T106 SLP fields and the corresponding

regional (high resolution) wind fields, a set of events

was simulated at a resolution of 0.25° with the meteoro-

logical model BOLAM (BOlogna Limited Area Model;

Buzzi et al. 1994). The downscaled wind fields are used

by HYPSE and WAM to produce the regional SSE (sea-

surface elevation) and SWH fields. The WAM model

and HYPSE were implemented at 1⁄6° and 1⁄12° resolu-

tion, respectively, in the same area were the down-

scaled wind fields were computed. Therefore the whole

procedure results in the computation of high-resolution

SWH and SSE fields over a regional domain using, as

input, a series of low-resolution (global) SLP fields. 

The computation of the downscaled wind fields is a

fundamental intermediate step of the downscaling
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procedure. This approach was chosen over direct sta-

tistical downscaling of the SWH and SSE fields,

because both fields contain components that are not

related to the instantaneous SLP field, but depend on

its previous history. The sea-surface oscillations in the

Adriatic Sea include large seiches, whose energy is

slowly dissipated, with a 10% decrement at each oscil-

lation. The wave fields include a swell component,

which is particularly large for waves traveling along

the main axis of the basin or entering it from the Ionian

Sea. The simulations carried out with WAM and

HYPSE covered most of the Ionian Sea in order to elim-

inate border effects. In this way, as far as waves are

concerned, the swell entering the Adriatic Sea through

the Otranto Strait is included in the simulation. As far

as surge is concerned, the part of the inverse baromet-

ric effect associated with SLP differences between the

Ionian Sea and the Adriatic Sea is included. Larger-

scale SSE variations involving the whole Mediter-

ranean Sea are not simulated but partially included, by

imposing the value given by the inverse barometric

effect at the southern open boundary. 

The PCA prefiltering is a usual procedure for the

reduction of the noise in the signal. Fig. 3 shows the

percentage of explained variance for the SLP and wind

fields as a function of the number of EOFs (empirical

orthogonal functions) considered. It shows that, even

at the regional scale of the Adriatic Sea, the wind field

has more degrees of freedom than the SLP field. After

some tests, the prefiltering was carried out, and only 14

components for the SLP fields and 20 components for

the wind fields were retained. With this selection, an

explained variance level well above 95% for both

fields was obtained (see Fig. 3). The larger number of

components needed to describe the wind fields, with
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Fig. 1. The rectangle over Europe shows the area covered by
the SLP (sea-level pressure) fields (predictor) and the smaller
rectangle over the Adriatic Sea shows the area covered by the 

surface wind fields (predictand)

Boundary

conditions

CTR and CO   time-slice experiments
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Fig. 2. Downscaling procedure used for the computation of the regional wind fields. Both wind and SLP fields are prefiltered
using PCA (principal component analysis). The CCA (canonical correlation analysis) of the T106 SLP fields and the regional wind
fields produces the canonical maps and the correlation coefficients, i.e. it produces the statistical model that is used for the pre-
diction of the downscaled winds from the whole time series of the T106 SLP fields. The downscaled wind fields are used by 

WAM and HYPSE to produce the regional SSE (sea-surface elevation) and wave fields. LAM: limited-area model



Clim Res 23: 217–231, 2003

respect to the SLP fields, is likely explained by the

higher resolution of the regional model used for their

computation and by the additional variability due to

the interaction between the atmospheric circulation

and the steep orography of the Mediterranean region. 

Fig. 4 shows the first 3 pairs of canonical maps. Note

that a vector formalism was used for the canonical

maps of the wind fields. The contour lines plotted in

the figures denote the magnitude of the resulting vec-

tors. In Fig. 4, the maps were normalized to their max-

imum value. The strong deviation of the wind vectors

from the geostrophy shows the important role of the

orography in the deformation of the wind flow. Figs. 3

& 4 are based on a subset of 21 strong events (extracted

from the CTR and CO2 scenarios) on which the identi-

fication of the canonical maps and the correlation coef-

ficient for the scenario simulations were based (see

Section 4 for details) The analysis of the hindcast stud-

ies (Section 3) produces very similar results.

3. VALIDATION OF THE DOWNSCALING

PROCEDURE

The downscaling procedure was applied to the

T106 ERA-15 data, simulating October–December

1989–1992, which are the months during which, typi-

cally, the most intense storms take place in the Adriatic

Sea. 

The computation of the canonical maps and correla-

tion coefficients was based on 7 events, representative

of moderate and intense storms in the Adriatic Sea,

that were simulated using the BOLAM meteorological

model. The initial and boundary conditions for

BOLAM were extracted from the ECMWF operational

analysis. Each event is described by a sequence of

maps representing the instantaneous SLP and wind

fields at 6 h interval. More than 10 maps have been

used for each event, so that the overall base for the

downscaling is made of 94 maps. The 7 events were

selected in order to represent high surge and wave

conditions in the Adriatic Sea and aim the downscaling

procedure at the reproduction of extreme events,

whose intensity in a new climate scenario was the

issue addressed in this study. 

In order to validate the results of the downscaling, a

set of simulations in which the original ERA-15 T106

winds were used was carried out and compared to the

simulations forced by the downscaled wind fields. The

implementation of WAM and HYPSE was identical for

both sets. The results of the simulations were com-

pared to the observations available in the Adriatic Sea,

i.e. the SSE and wind speed recorded at the platform

‘Aqua Alta’, 15 km offshore in the Venetian Lagoon,

and the SWH record at Pescara, on the Italian coast in

the central part of the Adriatic Sea. 

Fig. 5 compares the downscaled and the T106 simu-

lations to the observations during November 1991 at

the platform ‘Aqua Alta’. The time series for this month

is shown because of the presence of several intense

events and the availability of observations. It is imme-

diately clear that the downscaled winds achieve a sig-

nificant improvement with respect to the T106 winds,

but they do not fully compensate for the errors present

in the simulations. The downscaled simulations gener-

ally underestimate the observations of both waves and

surges, and they completely miss a few intense events. 

The overall quality of the results based on the down-

scaled winds and T106 winds are compared in the scat-

ter plots of Fig. 6. The scatter plots were obtained by

the selection of the events characterized by high surge

level or high waves, either in the observations or in the

model results. The surge-level scatter plot refers to the

research platform ‘Aqua Alta’, and the SWH scatter

plot to the observations at Pescara. The threshold is

40 cm for the surge level and 1.5 m for the SWH. The

maximum observed surge and wave heights reached

during a storm are compared to the corresponding

results for the downscaled and T106 simulations. The

comparison is based on the maximum level reached

during each event, without accounting for any mis-

match in time. The purpose of the comparison is to

evaluate not the capability of the downscaling to

reproduce a specific time series, but to assess the

underevaluation present in an extreme-value analysis

based on the output of the downscaled fields and to

show the progress that they achieve with respect to

the T106 winds. The improvement obtained with

the downscaling and the remaining uncompensated

underestimation are quantified by the bias and the
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Fig. 3. Cumulative explained variance as a function of the
number of EOF (empirical orthogonal function) components
used in the PCA for the SLP (dashed line) and the wind fields 

(solid line)
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Fig. 4. First 3 canonical pairs (from top to bottom) for SLP (left column) and wind fields (right column)
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RMS error shown in Table 1, which were computed

using the events shown in Fig. 6. The results show that

the downscaling produces a large improvement for

both surge and SWH levels. Unfortunately, a substan-

tial, though greatly reduced, underestimation of the

peak values remains, and a few strong events are

absent in the model results. 

4. WAVES AND STORM-SURGE CLIMATE

SCENARIOS

In order to identify the statistical model for the cli-

mate-change study, the previously described proce-

dure (PCA prefiltering and CCA) was applied to a sub-

set of 21 events, 10 extracted from the CTR time-slice

experiment and 11 from the CO2 time-slice experi-

ment. The initial and boundary conditions for the

regional atmospheric circulation model were extracted

from the CTR and CO2 time-slice experiments. Each

event has a duration of a few days, and it is repre-

sented by a sequence of instantaneous SLP and wind

fields at 6 h intervals, so that the basis for the CCA was

a total of 200 maps. The 21 events were selected by

identifying deep cyclones whose tracks were likely to

produce intense winds along the Adriatic Sea. The aim

of the selection is the same as for the hindcasts experi-

ments (Section 3). The sample used for the downscal-
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Fig. 5. Data for November 1991 at the platform ‘Aqua Alta’. Top: time series of wind speed. Middle: time series of SSE; only the
meteorological component (i.e. the astronomical tide was subtracted from the data) is shown. Bottom: SWH time series. Solid 

and dashed lines: ERA-15 downscaled and T106 winds, respectively; circles: observations

Dataset Surge level (cm) SWH (m)
Bias RMS error Bias RMS error

T106 38 43 1.78 2.02
Downscaling 26 31 0.95 1.36

Table 1. Bias and RMS error of downscaled and T106 wind-
driven simulations for the 4 yr long period 1989–1992. Posi-
tive bias means that the observations are larger than the 

model
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ing is therefore representative of the meteorological

forcing characteristic of extreme events and not of

weak events or of mean seasonal conditions, which

were not within the scope of this study. The sample

size is likely to be representative of several years of

extreme events in the Adriatic Sea. 

Subsequently, the statistical model was applied to

the SLP fields of the CTR and the CO2 time-slice exper-

iments, and two 30-yr long simulations were carried

out for both wave fields and storm surges. The results

were used for the assessment of the differences in

wave and surge climates between the present and the

doubled CO2 scenarios.

4.1. Changes of the extreme values: the storm surge

The results of the 30 yr CTR and CO2 surge simula-

tions are summarized in Figs. 7–9. The left panels

show the CTR (present climate) scenario and the right

panels the CO2 scenario. 

Fig. 7 shows the maximum surge level recorded in

the 2 time-slice experiments. Note that the surge levels

are higher and the number of events is larger in the

northern shallow part of the Adriatic, where the water

is accumulated by the Sirocco wind which blows along

the Adriatic Sea, when a low-pressure system passes

over central Europe or northern Italy. The CO2 sce-

nario presents higher values, but the difference with

respect to CTR is small. Fig. 8 shows the number of

surge events above the 70 cm threshold. The number is

very similar in the 2 scenarios. The conclusions of the

analysis is that the difference between the 2 scenarios

is small and that there are no indications of a signifi-

cant change in the extreme surge levels. 

This conclusion is confirmed by the extreme-value

analysis. Fig. 9 shows the 100 yr return value of the

surge level (the data were fitted to a Gumbel distribu-

tion using the maximum-likelihood method). The CO2

doubling results in a reduction that is smaller than the

error of the analysis and, therefore, not significant. For

both surge levels and SWH (see Section 4.2), the

extreme-value analysis was based on the 2 highest

events of each simulated year, that is 60 values for each

scenario. Other estimates, based on sets identified

using different criteria and number of events, were

produced. Though the resulting extreme values were

dependent on the set used, the changes were uniform

in the CO2 and CTR scenarios and in the observations,

the comparison thus always giving the same conclu-

sion. 

The results should be considered cautiously

because of the underestimation produced by the

downscaling procedure. Long time series of surge

levels are available for the platform ‘Aqua Alta’. An

estimation of the 100 yr surge return value was car-

ried out on the basis of data for the period

1964–1999. The results are shown in Table 2. They

confirm that the CTR simulation underestimates 
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Fig. 6. Scatter plots of observations vs downscaled and T106 wind-forced simulation results. Left: SSE at ‘Aqua Alta’. Right: 
SWH at Pescara

Maximum surge 100 yr return value

Observations 184 150 ± 8 
CTR 109 128 ± 8 
CO2 119 125 ± 8

Table 2. Maximum recorded and estimated 100 yr return val-
ues of the surge level at the platform ‘Aqua Alta’ in the CTR 

and CO2 experiments and in the observations
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(the error is approximately 20%) the observed values,

and that the CTR and CO2 simulations provide very

similar results. 

4.2. Changes of the extreme values: the significant

wave height

The same analysis was carried out for the SWH

fields. The results of the 30 yr CTR and CO2 wave sim-

ulations are summarized in Figs. 10–12. The high SWH

values in the Adriatic are mainly due to the Sirocco

wind (as for the high surge levels). The spatial distrib-

ution shows 2 maxima, 1 in the northern part of the

basin, where the fetch is longest, and 1 in the southern

part, where the wind speed is largest. 

The maxima of the time-slice experiment are shown

in Fig. 10, and the number of events above the 5 m

threshold is shown in Fig. 11. Both the quantities

suggest that the wave climate is milder in the CO2

scenario. The results of the extreme-value analysis

(Fig. 12) also show that the CO2 doubling results in a
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Fig. 8. Number of surge events higher than 70 cm recorded during the time-slice experiment. Model simulations of the present 
(left) and doubled-CO2 (right) climates are shown

Fig. 7. Maximum surge recorded in the time-slice experiment. Model simulations of the present (left) and doubled-CO2 (right) 
climates are shown
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diminished maximum expected SWH in the southern

Adriatic. 

The analysis of the SWH extremes brings, therefore,

slightly different conclusions with respect to the analy-

sis of the SSE extremes. This is explained by the differ-

ences between wind-velocity extremes in the 2 scenar-

ios. Actually, this is not clear when one looks at the

extremes of the wind speed (Fig. 13), which, in the

southern Adriatic, is larger in the CO2 scenario. How-

ever, the SWH depends also on fetch, that is, it

depends on the intensity of the Sirocco (south-easterly)

wind blowing from south-east across the basin. In fact,

the south-easterly component of the wind is signifi-

cantly larger in the present than in the CO2 scenario

(Fig. 14). This difference is important for the SWH in

the southern part of the Adriatic Sea, but not relevant

for the surge, which depends more on the wind value

in its northern shallow part. 

A systematic underevaluation of the extreme values

is present also in the simulations of the SWH fields.

Observations at Pescara allow an estimate of the 100 yr

actual return value. Table 3 compares such estimates,

based on 5 yr of data, to the results of this study, and it

confirms the underestimation produced by the down-

scaling procedure that, anyway, is not very large when

the value of the errors are accounted for. 

4.3. Comparison between statistical and dynamical

downscaling

An investigation was carried out to compare the

results of the statistical and dynamical downscaling.

The wind fields of the 21 storms used for the CCA were

simulated with the tri-modular model MIAO (Model of

Interacting Atmosphere and Ocean), which includes

BOLAM, WAM and POM. The resolution used was

0.25° for BOLAM, 1⁄6° for WAM and 1⁄12° for POM, that

is WAM and POM adopted the same resolution used in

the 30 yr CTR and CO2 experiments. 

The differences between these case studies and the

corresponding results of the CTR and CO2 experiments

are due to the different forcing fields and to the differ-

ent treatment of the southern open boundary of the

Adriatic. In the case studies the sea level at the open

boundary could vary according to the dynamics of the

whole Mediterranean Sea and wind waves generated

in the Ionian Sea could propagate inside the Adriatic.

In the CTR and CO2 experiments only a small fraction

of the Ionian Sea was included, and therefore, there

was a strong reduction in the variability of the sea level
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Fig. 9. 100 yr return values of the surge level. Model simulations of the present (left) and doubled-CO2 (right) climates are shown

Maximum SWH 100 yr return value 

Observations 5.1 6.75 ± 0.6 
CTR 5.6 6.1 ± 0.4 
CO2 4.5 5.6 ± 0.3

Table 3. Maximum recorded and estimated 100 yr return val-
ues of the SWH at Pescara in the CTR and CO2 experiments 

and in the observations
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at the southern open border of the Adriatic and in the

amount of wind waves propagating across it. 

Actually, since the same set of storms was used for

the CCA analysis, one would expect that the down-

scaled wind fields are very similar to the wind fields

computed by BOLAM, except for the smoothing due to

the PCA prefiltering and CCA analysis. This would

imply, neglecting the effect of the boundary condi-

tions, a small difference in the resulting SWH and

surge levels. This consideration is not correct, because

the time resolution of the forcing fields is necessarily

6 h during the CTR and CO2 experiments, where the

downscaled winds are used, while it is 1 h during the

case studies simulated with MIAO. This has large con-

sequences for the simulation of events in the small

region considered for this study. Moreover, the statisti-

cal downscaling tends to introduce a smoother time

(and space) behavior of the data. Fig. 15 compares the

power spectra of the wind speed at the CNR platform

‘Aqua Alta’ and shows the much larger amount of vari-
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Fig. 10. Maximum SWH recorded in the time-slice experiment. Model simulations of the present (left) and doubled-CO2 (right) 
climates are shown

Fig. 11. Number of events with SWH higher than 5 m recorded during the time-slice experiment. Model simulations of the 
present (left) and doubled-CO2 (right) climates are shown
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ability present in the dynamically downscaled fields at

short time scales. 

The scatter plots in Fig. 16 compare the results of the

case studies to the corresponding values extracted

from the 30 yr simulations. The comparison is based on

the peak values reached during each case study, which

means generally a single value for each case and only

occasionally 2 values when 2 events were captured in

the same simulation. Moreover, a few cases were dis-

carded, because it was evident that the length of the

case study was not sufficient to reach the peak value in

the Adriatic Sea. Results are somewhat disappointing,

particularly for the SWH, and they show a poor agree-

ment between statistical and dynamical downscaling.

Clearly, the lack of agreement can have important

implications for the value of the extreme events,

because of the large bias between peak values ob-

tained by statistical and dynamical downscaling (see

Table 4). 
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Fig. 12. 100 yr return values of SWH. Model simulations of the
present (top left) and doubled-CO2 (top right) climates are
shown. Bottom right: difference between the 2 scenarios (only 

values significantly different from zero are shown)

Surge level (cm) SWH (m)
Bias SD Bias SD

22 28 1.04 2.54

Table 4. Bias and standard deviation of the dynamical down-
scaling against statistical downscaling results. Positive bias
means that the dynamical downscaling is higher. The analysis
is based on 21 selected case studies extracted from the CTR 

and CO2 experiments
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5. DISCUSSION

This study developed a procedure for the evaluation

of climate-change scenarios for the wind waves and

the storm surges at a regional scale. The procedure

was applied to the Adriatic Sea, and an estimate of the

effect of the doubled-CO2 atmospheric content was

made. 

It was shown that the global T106 simulations are not

capable of describing the regional-scale wind fields

that are the crucial input information needed for the

computation of the wave fields and surge levels. The

description of the intensification and the channeling of

the wind flow along the main axis of the Adriatic by the

surrounding mountain ridges requires a resolution of

the order of few 10s of kilometers, which remains too

high for global climate models. The direct use of the

wind output from the global model, which exhibits

substantially low-biased statistics, produces a large

systematic underestimation of surge levels and SWH

and completely misses many important events. There-

fore, applying a downscaling procedure to construct

more accurate regional wind fields is necessary. 

In this study, statistical downscaling was applied to

obtain the regional wind fields over the Adriatic Sea at

0.25° resolution from the SLP fields, computed in a

time-slice experiment by a global model at T106 reso-

lution. The procedure is based on PCA prefiltering and

CCA. The high-resolution regional (Adriatic) fields

were computed using a limited-area meteorological

model (BOLAM) implemented over the Mediterranean

region. These regional wind fields are used by the

wave model WAM and a coastal ocean shallow-water

model for the computation of the wave field and the

storm surge, respectively. 

The validity of the statistical downscaling procedure

was tested by its application to the ERA-15 data in the

hindcast studies. It is shown that the use of the down-
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Fig. 13. 100 yr return values of the wind speed at the 10 m
level. Model simulations of the present (top left) and doubled-
CO2 (top right) climates are shown. Bottom left: difference
between the 2 scenarios (only values significantly different 

from zero are shown)
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scaled winds greatly improves the quality of the com-

puted wave fields and surge levels with respect to the

T106 winds. Yet a substantial underestimation of both

SWH and surge level remains in the results. This prob-

lem is due to the tendency of the statistical procedure

to smooth the wind speed peak events, but also due to

the coarse time resolution (6 h) of the SLP fields, which

implies the complete absence of some intense, short

duration, strong wind events in the northern Adriatic

Sea. The latter problem could be avoided in future

applications by saving the SLP fields with a 3 h time

resolution, without any appreciable increase in the

computing costs. 

The downscaling procedure was applied to the con-

struction of the present (CTR) and the doubled-CO2 cli-

mate scenarios for the wave fields and storm surges in

the Adriatic Sea. The scenarios are derived from two

30-yr long time-slice experiments, where the atmos-

pheric circulation was computed on the global scale at

T106 resolution with the ECHAM model by the DMI.

The SLP fields were used by the downscaling proce-

dure, whose resulting SWH and SSE values were used

in the extreme-value analysis that summarizes the out-

come of this study.  The sample used for the downscal-

ing was deliberately restricted to extreme events. Weak

events and meteorological situations not related to high

wave or surge conditions were of no interest for this

study, which is focused on the identification of the vari-

ations of extreme values in a doubled-CO2 scenario. 

The analysis of the surge in the CTR and CO2 exper-

iments in the Adriatic Sea shows no significant change

in the intensity of the extreme events. The evaluation

of the surge scenarios should be considered cautiously,

because of the systematic underevaluation of surge

events that is present in the CTR scenario in the Venet-

ian littoral, where the surge has the greatest environ-

mental impact. The comparison between the CTR sce-

nario and the observations available in Venice shows a
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Fig. 14. 100 yr return values of the south-easterly component
of the wind speed at the 10 m level. Model simulations of the
present (top left) and doubled-CO2 (top right) climates are
shown. Bottom right: difference between the 2 scenarios (only 

values significantly different from zero are shown)
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20% underestimate of the expected 100 yr return

value of the surge level. At the same time, there is no

significant difference between the extreme values of

CTR and CO2 scenarios. 

Analysis of the wave fields confirms that the differ-

ences between the scenarios are small, but it suggests

slightly different considerations, because the under-

evaluation of the SWH present in the CTR scenario is

smaller (approximately 10%) and a statistically signifi-

cant reduction of wave activity in the CO2 scenario was

identified. This difference does not mean an inconsis-

tency between surge levels and wave-field analysis. In

fact, the surge level depends mainly on the wind fields

in the northern shallow part of the Adriatic, while the

wave field depends on the overall wind field, being,

eventually, more sensitive to the wind values in the

central and southern parts of the basin, where most

wave generation takes place. The different extreme

values of the south-easterly wind component in the 2

scenarios confirms this interpretation. 

Selected case studies, extracted from both CTR and

CO2 scenarios, were simulated with a high-resolution

implementation of BOLAM, and the resulting wind

fields were used to force the wave and surge models.

The results were compared to the corresponding

results of the statistical downscaling. The comparison

shows significant differences, and it suggests that a

dynamical downscaling could improve the results of

the study. In fact, the statistical downscaling produced

wind kinetic energy spectra lower than the dynamical

downscaling. The difference is particularly large in the

short-period range. The smooth temporal behavior of

the wind fields produced by statistical downscaling

explains the absence of seiches in the SSE, and it con-

tributes to the final underestimation of both extreme

surge and SWH values. 

Though confidence in the results are undermined by

the errors (a large underestimation) in the extremes in

the present climate scenario, this study has shown the

feasibility of an impact study focused on the effect of
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Fig. 16. Scatter plots of the high-resolution case-study results vs the downscaling results for CO2 and CTR experiments. Left: SSE 
at the platform ‘Aqua Alta’. Right: SWH at Pescara

Fig. 15. Power spectra of wind speed (in m2 s−2 h−1) as function
of period (h) at the CNR platform ‘Aqua Alta’ during the 21
storms used for comparing statistical (solid line) and dynami-

cal downscaling (dashed line)
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the CO2 doubling on wave fields and surge levels in

the Adriatic Sea. The developed approach allows us to

affirm that there are no large differences in the surge

and SWH extreme values between the CTR and CO2

scenarios. However, changes smaller than 10% for

SWH and 20% for surge level extremes cannot be

excluded because of the lack of accuracy of the down-

scaling procedure.

Moreover, the outcome that no large variation in the

waves and surge climates in the Adriatic Sea will be

produced by the CO2 doubling should be robust with

respect to the downscaling approach that has been

used, because it is supported by a parallel study on the

variation of the cyclonic activity in the Mediterranean

region (Lionello et al. 2002), which shows no large

effect of the CO2 doubling. The authors analyzed the

same time-slice experiments used in this study and

determined the number and intensity of the cyclones in

the Mediterranean region. The comparison shows no

significant difference between the cyclonic activity in

the CTR and CO2 scenarios. The absence of a climate-

change signal in the intensity of cyclones and such an

absence in the SWH and storm-surge extremes are

logically consistent with one another. Obviously, both

the studies could be affected by a small regional

response of the ECHAM-4 model to the CO2 doubling.

The analysis of this issue is not within the scope of this

study. However, as far as the application of the down-

scaling procedure to the Adriatic Sea is concerned, we

think that the absence of climate change signal is not

an artifact of the downscaling procedure. 

Incidentally, note that these results cannot be trans-

ferred immediately to the planning of coastal defenses,

which is more complicated. Though this study points to

minor variations of waves and surge climate produced

by the CO2 doubling, or to an even milder climate, the

effect of sea-level rise (not considered in this study)

could easily convert this reassuring perspective into a

dramatic situation for the management of the coastal

zones of the northern Adriatic. 
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