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Abstract. The ERA (European Centre for Medium-Range Weather Forecasts
Reanalysis) project resulted in a homogeneous data set describing the atmosphere
over a time span of 15 years, from 1979 to 1993. To validate (part of) these
data against independent observations we use the ERA surface winds to drive the
WAM wave model. The modeled significant wave heights are then compared with
observations. From this comparison the quality of the forcing winds is assessed.
The patterns of computed wave heights agree well with observed patterns, and they
are of the right magnitude. This confirms the realistic nature of the ERA winds. If
one looks in detail, it appears that the significant wave heights resulting from the
model are systematically lower than the observed ones in areas of high winds and
waves and higher in areas of low winds and waves. It is argued that underestimation
at high winds speeds is most likely a resolution effect, as wind and thus wave peaks
are missed by finite resolution in space and time, while overestimation at low wind
speeds most likely results from internal WAM errors. It is concluded that the
monthly mean ERA winds are slightly (less than 5%) too low in areas of high
winds, while from this study it is not possible to draw a decisive conclusion on the
quality of ERA winds at low wind speeds. At the same time, the hindcast data
form a 15-year climatology of global waves. This climatology is analyzed in terms
of annual cycle and trends. The largest trends in significant wave height occur in
the North Atlantic with an increase of more than 12 cm/yr in January, and south of
Africa where the increasing trend exceeds 7 cm/yr in July. These trends, however,
are only marginally significant. Furthermore, they exhibit a large month-to-month
variability, so that on a seasonal basis the trends are significant only in small parts
of the ocean. In conclusion, we are unable to confirm a significant change in wave
height during the ERA period.

1. Introduction

The European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis project (ERA) has re-
cently been completed [Gibson et al., 1996]. It pro-
duced a 15-year-long data set (January 1979 to Febru-
ary 1994) providing a detailed description of the atmo-
sphere. Unlike the daily operational analyses that have
been performed at ECMWF since 1979, this series is ho-
mogeneous as far as the analysis technique is concerned.
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Furthermore, much more data have been used for the
reanalysis than were available operationally. While this
is thought to be advantageous for the quality of the re-
sult, there are only few (if any) independent data left
for validation.

To overcome part of this problem, one can consider
using the ERA output to calculate quantities that have
not been used in the reanalysis process and compare
them with respective observations. For example, Stock-
dale [1996] uses the ERA surface fluxes of heat and mo-
mentum to drive an ocean general circulation model
(GCM) to conclude on the quality of these fluxes.

Here we adopt this approach by using the ERA sur-
face winds to drive the WAM wave model [Komen et al.,
1994]. Modeled wave heights are then compared with
observations. As wave height observations are not used

5471



5478

in the atmospheric analysis scheme, this is an indepen-
dent test of the ERA surface winds. The problem with
this approach is, however, that the model error of the
wave model is introduced as an additional error source.

As a very interesting by-product of this procedure, a
15-year climatology of global wave characteristics is ob-
tained. Although this climatology comprises a variety of
quantities (see the appendix for a detailed description
of data sets), the first assessment of this climatology
given here is confined to significant wave height.

2. Tools
2.1. The ECMWF Reanalysis Project

The ERA project [Gibson et al., 1996] has been one
of the major undertakings of ECMWF during the last
few years. All available meteorological data from the
15-year period January 1979 to February 1994 have
been used to produce a homogeneous description of the
atmosphere. At the heart of ERA was the ECMWF
numerical weather prediction scheme with the assimi-
lation scheme and the atmospheric general circulation
model (AGCM) as its main constituents. ERA used a
GCM version with a horizontal resolution of T106 and
31 levels in the vertical. Nominally, T106 corresponds
to & 1.2°, but due to the horizontal diffusion that filters
out the high-frequency part of the energy spectrum the
effective resolution is only &~ 2°. The observational data
were passed through the assimilation scheme and used
to update the GCM every 6 hours. The 10-m winds
(U1o) from that analysis are used in this study to drive
the WAM model.

Due to problems discovered during the ERA produc-
tion process, part of the ERA period had to be rerun,
resulting in different experiment versions [Gibson et al.,
1996]. However, tests showed that the impact of these
different winds on wave heights was small, generally not
exceeding 10 cm on a monthly mean basis. Therefore,
only results from the original ERA run, known as ex-
periment version 1, are considered here.

2.2. The WAM Wave Model

2.2.1. Model description. The wave model used
in this study is cycle 4 of the WAM model. The WAM
model was developed by the Wave Modeling group
[WAMDI Group, 1988]. Cycle 4 of the model is de-
scribed by Komen et al. [1994], so only a very short
description is given below. For reasons that will be-
come apparent in section 3.1, the model has been used
with two different resolutions. The low-resolution (LR)
version has a 3° x 3° grid covering the whole globe be-
tween 72°N and 63°S, while the high-resolution (HR)
version has a 1.5° x 1.5° grid covering the globe be-
tween 81°N and 81°S, taking sea ice into account. More
details about the runs performed can be found in the
appendix.

The state of the sea is_usually described by the
wave variance spectrum F(E, Z,t), where k denotes the
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wavenumber vector, £ the position, and ¢ time. The
physical meaning of F' is that the total wave energy per
unit areais given by E(Z,t) = pwg [ dk F(k, Z,t), where
pw is the density of water and g the acceleration due to
gravity. Another important quantity is the significant
wave height, which can be calculated from F' as
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In the deep water approximation, which is appropri-
ate for a global run, the evolution of F' is described by
the energy balance equation :
% = Sin + Snl + Sds; (2)
where D/Dt denotes differentiation when moving with
the group velocity. The three source terms on the right-
hand side denote the input of energy by wind (S;,),
nonlinear interaction between waves (Sp;), and dissipa-
tion by whitecapping (Sqs). The term relevant for our
aim of validating the ERA winds is, of course, the wind
input source term

Sin = f(7) F, (3)

with f being a complicated function of wind stress 7.
Note that S;, depends on the full spectrum_'F.
The wind stress 7 is related to the wind U by

7= pCpUU, (4)

where U = |U| and p, is the density of air. The drag
coefficient Cp depends on the reference height z,5s at
which U is measured. Usually, z,5s = 10m is used,
and this value will be used throughout this paper. Fur-
thermore, the drag coefficient depends on the roughness
length zg, which in turn depends on the magnitude of
the stress and the sea state,

Cp =[x/ ln(zobf;/zg)]g7 | (5)
ar
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Here k = 0.4 is the von Karman constant, & is a con-
stant whose value has been found to be 0.01,_5nd Tow
is the wave-induced stress or wind-to-waves momentum
transfer, given by

Tw = pwg/dl_c‘S,;n/c, (7

where p,, is the density of water and ¢ the phase speed.
Through (3) 7, depends on the full wave spectrum.

Using (4) to (7), the WAM model calculates the wind
stress from Uig (here taken from ERA) and F (taken
from the wave spectrum estimate obtained in the previ-
ous time step) and then solves the energy balance equa-
tion (2).

2.2.2. Model performance. The WAM model
has been tested extensively, usually under high-wind
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conditions. For example, Cardone et al. [1995] showed
that the model reproduces observed wave heights very
well, provided that the model is driven by the correct
winds. It turns out that the input wind is the crucial
parameter for obtaining the right wave height. This
also implies that the approach followed here, that is,
assessing the quality of a wind data set by using it to
drive a wave model, is a powerful tool. However, the
calculations of Cardone et al. [1995] were done on a
grid with 0.25° resolution, much finer than the grid used
here.

Janssen et al. [1996] assessed the quality of EC-
WMF’s Wave Forecasting System, the heart of which is
formed by the same 1.5° version of WAM that is used
here as the HR version. When comparing their analysis
with buoy data, they found a typical wave height bias of
—0.25m and a scatter index of 0.2 (see section 3.2 for
definitions). In that analysis, wave observations from
ERS 1 have been assimilated, which are known to have
a negative bias. Comparing their first guess (i.e., a 6-
hour forecast starting from an analyzed wave field) with
altimeter wave heights, they found a bias of +0.2m,
while the scatter remained the same.

For fully developed sea an empirical relation between
significant wave height and wind reads [Sanders, 1976;
Janssen et al., 1984]

dUyo
U’

B
g

Hs = (8)

Uiy < dH, = 2§UlodU10 =2Hg
where 3 = 0.22. Then, for typical values of Ujg =
10m/s and Hg = 4m, a wave height bias of £0.2m
corresponds to a wind bias of ~ +£0.25m/s. The WAM
model can thus be expected to assess the quality of the
wind input to within this accuracy. However, the true
biases may be higher, as these estimates use output
from a model into which wave observations have been
assimilated. Furthermore, in the real ocean, high waves
are rarely, if ever, fully developed, and so the actual re-
lationship between wind speed and wave height is much
more complex.

2.3. Data Sources

To assess the quality of the modeled wave heights, two
data sets are used for comparison. Carter et al. [1992]
and Cotton and Carter [1994] calibrated the altimeter
data from Geosat, ERS 1 and Topex/Poseidon against
buoy data. The Carter et al. [1992] calibration resulted
in an increase in the wave heights from the Geosat al-
timeter by 13%, and the Cotton and Carter [1994] cali-
bration resulted in a recommendation to apply a linear
correction to ERS 1 OPR (Ocean Product) data accord-
ing to Hg(ERS-1) = 0.824 — 0.107 - Hg(buoy). (In the
original paper this equation appeared incorrectly, and a
correction was published.) Monthly means of significant
wave heights calculated from Geosat GDR (Geophysi-
cal Data Record) data for the period January 1987 to
September 1989 and from ERS 1 OPR data for April
1992 to December 1993, adjusted according to the find-
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ings of the above papers, are used here. The data were
averaged onto the same 3° x 3° grid that is used in the
LR version of WAM.

To assess not only monthly means but also the high-
frequency properties of the model results, buoy mea-
surements as compiled and distributed by the National
Data Buoy Center (NDBC) of the National Oceanic
and Atmospheric Administration (NOAA) (http://sea-
board.ndbc.noaa.gov/) are used. In this paper, only a
few examples are shown.

3. Verifying the Hindcast
3.1. Verification Against Altimeter Data

Figure 1 shows the mean significant wave height for
January 1988 as obtained from the two model versions

and from the altimeter, respectively. The patterns of .
modeled and observed wave heights are in close agree-
ment. However, the modeled wave heights are too low,
especially at higher latitudes. The difference between
model and data exceeds 1 m at certain places for the LR
version. Although the HR version also underestimates
the altimeter-derived wave heights, it is obvious that for
this version the deviations are much smaller and gener-
ally do not exceed 0.5 m. Therefore, further discussions
in this paper will concentrate on the HR version.

Figure 2 displays the difference in Hg between HR
model and altimeter for January and July 1988. Com-
parison with Figure 1 shows that the largest underes-
timation occurs in areas of large mean wave heights,
especially in the western parts of the northern oceans.
Areas of large mean wave height are also the areas of
highest mean wind speeds (not shown). At the same
time, the model overestimates Hg in areas of low waves
and winds.

Figure 3 shows the difference Hg(HR mod)— Hg(alt),
averaged over the two hemispheres as well as the tropics
(between 15°N and 15°S), as a function of time (thick
curves). As can be seen, the model-data misfit (bias)
has a pronounced annual cycle in both hemispheres with
underestimation in the winter hemisphere and overesti-
mation in the summer hemisphere, while in the tropics,
model results are higher than observations throughout
the year. In the southern hemisphere (SH) the underes-
timation during winter is larger and the overestimation
during summer lower than it is in the northern hemi-
sphere (NH). This is in accord with the above obser-
vation of the model underestimating high and overesti-
mating low waves: Waves are higher during winter than
during summer and larger in the SH than in the NH and
lowest in the tropics (see section 4.1 below). Further-
more, Figure 3 shows that Figures 1 and 2 are typical
for the whole period (1987-1993). There is no evidence
of either a trend in bias or any differences between the
data from the two satellites involved.

Figure 3 compares data from the HR version of the
model with altimeter data. For output from the LR
version of the model (not shown), the corresponding
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Figure 1. Monthly mean wave height for January 1988 from (a) the LR model, (b) the HR
model, and (c) the altimeter measurements. Contour interval is 0.25 m with stippling between

3 m and 6 m. Every fourth line is thickened.

curves of area-averaged bias are simply shifted down-
ward by 20 to 30 cm (i.e., they become more negative),
so that even in the tropics Hg is slightly underesti-
mated. Romeiser [1993] compared uncorrected Geosat
altimeter data with data obtained from driving an ear-
lier version of WAM with winds from the then opera-
tional ECMWF model. Both the AGCM and WAM had
the same horizontal resolution as our LR version, that
is, T106 and 3°, respectively. He found good agreement
between the two data sets in the NH, while WAM un-
derestimated the wave heights in the SH in winter by
about 20% and overestimated low wave heights. The
first problem was attributed to the input winds being
too low.

At first sight, the results of Romeiser [1993] (for the
NH) are apparently better than those from our LR ver-
sion. However, as stated above, he used uncorrected
altimeter data which have been shown to be too low
[Carter et al., 1992]. Furthermore, the operational
ECMWF model used in 1988 contained an error result-
ing in the surface winds used to drive WAM systemati-
cally being too high [Janssen et al., 1992]. Both effects
work so as to bring modeled and observed wave heights
closer together into apparently better agreement.

3.2. Verification Against Buoy Data

To investigate the performance of the model on shor-
ter than monthly- timescales, buoy data collected by
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Figure 1. (continued)

NDBC have been selected and compared with the model
results at the buoy’s position. Buoy data have been ex-
tracted for different years and for two seasons (winter
(JFM) and summer (JA)) according to the availability
of a continuous time series. The raw buoy data are used:
only obviously erroneous data (wind but no waves) have
been removed. Table 1 lists the buoys used along with
characteristics of the comparison with modeled data for
both the LR and the HR version of the model.

To judge the quality of the simulation we use bias,
scatter index, and unbiased regression slope. The bias
is the mean of the error x = Hg(model) — Hg(buoy)
and measures the mean deviation between buoy and
model. The scatter index SI is the RMS error (standard
deviation of z) normalized by the mean of the reference
(buoy) and measures the confidence one can have in
that deviation. The unbiased regression slope b is the
result of a regression analysis in which neither of the
two data sets (Hg(model) and Hg(buoy)) is regarded as
perfect, but as contributing equally to the error. Ideally,
b=1.If b > 1, Hg(model) tends to overpredict high or
underpredict low waves, while the opposite is true for
b<1.

From Table 1 the following observations can be made:
(1) The bias is negative, that is, the model underesti-
mates Hg, if Hg is large (winter, high latitudes). (2)
At low Hg, the model overpredicts. (3) In accordance
with the two foregoing observations, b is always less
than 1. (4) The scatter index is higher for the Atlantic
buoys than for those in the Pacific. (5) The Atlantic
buoys have the largest (negative) bias. (6) There is no
difference in SI between summer and winter, a typical
value being 0.2 for the HR version, but & is closer to
1 in winter. (7) The buoy-model bias receives a posi-
tive increment when moving from the HR model to the

LR model; thus an underestimation seen in the LR out-
put becomes less or even changes to an overestimation
in the HR data, while overestimation becomes larger.
(8) Compared to the LR model, the HR model has a
lower scatter index and a regression slope that is closer
to 1. (9) The smallest values of b occur for two of the
Hawaiian buoys.

Concerning the bias, these observations are in agree-
ment with the comparisons with altimeter data in sec-
tion 3.1, while the lower SI and higher regression slopes
for the HR model suggest that the higher resolution
not only results in higher, but also in “better” waves.
As argued by Komen et al. [1994, pp. 306-307], the
typical value of 0.2 for the scatter index is close to the
expected minimum value at the given resolution. While
this value has also been found by Janssen et al. [1996],
they never find positive biases.

The low regression slopes for the two Hawaiian buoys
51003 and 51004 are the result of a storm badly cap-
tured by ERA. On July 23, 1986 these buoys regis-
tered wind speeds of more than 20 m/s and wave heights
reaching 10 m. This storm is also present in ERA, but
at a slightly different position and with smaller wind
speeds. At the position of buoy 51003, ERA shows no
signs of a storm at all. At the position of buoy 51004,
ERA winds reach a maximum of 15.3 m/s, giving rise
to a significant wave height of 3.9 m, while the buoy
records a wind speed of 22.9 m/s and a wave height of
9.8 m. If we recalculate the regression slope leaving out
data from July 23, the slope values (for HR) change to
0.55 for both buoys. These values are within the range
of those for other buoys. That the storm is badly cap-
tured is probably due to ERA’s limited resolution in
space and time. This aspect will be discussed in more
detail in sections 3.3.2 and 3.3.3.
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Figure 2. Difference of monthly mean wave height between HR model and altimeter measure-
ment for (a) January and (b) July 1988. Contour interval is 0.25 m with negative values stippled.

Figure 4 gives a typical picture of how measured and
modeled data are related. During winter (Figures 4a
and 4b) modeled wave heights follow the measured ones
very closely, but peaks are underestimated, giving rise
to the underestimation of monthly mean wave heights
noted above. During summer (Figures 4¢ and 4d), mod-
eled variability is less than observed, but modeled Hg
is nearly always higher than measured. This overesti-
mation of low wave heights has also been noticed by
Romeiser [1993].

In both seasons, wave heights from the HR, version are
higher than those from the LR version. However, during
winter (generally high waves) these higher model waves
suggest that the peaks in the buoy data are better rep-
resented, leading to the impression that the HR version

is really an improvement compared to the LR model. In
fact, it can be seen from Figures 4c and 4d that during
summer (generally low waves) the higher HR waves are
the result of a shift toward a higher background level.
As the background level in the LR version is already
too high, this increase represents an undesirable char-
acteristic in the model. From Table 1 it may be inferred
that these results are also typical for other buoys.

3.3. Discussion of Discrepancies Between
Hindcast and Observations

The results from the comparisons of modeled with
satellite-derived and buoy-measured data, respectively,
are consistent and can be summarized as follows: (1)
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Figure 3. Difference of monthly mean wave height between HR model and altimeter measure-
ment as a function of time (solid: NH, dotted: SH, dashed: tropics). The thin curves are for the
corrected Geosat data; see section 3.3.1.

Table 1. Wave Statistics at Selected Buoys

Winter (JEM)

Summer (JA)

Buoy Position Year N Hs Bias SI b N Hg Bias SI b
North Atlantic
44011  41°06'N 1988 144 251 -056 027 0.67 120 1.32 -0.36 0.27 0.35
66°36'W -0.34  0.22 0.72 -0.13 0.25 0.45
44004  38°30'N 1986 176 254 -0.85 0.26 0.61 98 1.30 -0.39 043 0.33
) 70°36'W -042 022 0.73 -0.11 0.32 0.57
41002 32°12'N 1987 177 273 -0.88 0.27 0.56 122 1.20 -0.36 0.21 046
75°18' W -0.68 0.23 0.66 -0.14 0.19 0.61
Gulf of Mexico
42001 25°54'N 1987 173 153 -0.46 0.36 0.53 122 0.51 0.01 0.41 0.41
89°42'W -0.28 0.26 (.72 0.07 0.33 0.72
42003  26°00'N 1986 175 1.34 -0.34 0.36 0.53 122 0.66 -0.12 0.36 0.23
85°54' W -0.21 0.26 0.72 -0.10 0.26 0.50
Hawam
51001 23°24'N 1986 120 3.02 -0.14 035 046 122 2.07 0.02 0.14 0.51
162°18'W 0.21  0.20 0.74 0.32 0.15 0.70
51002 17°11'N 1986 176 257 0.01 019 0.65
157°48'W 0.36  0.19 0.90
51003 19°12'N 1986 177 262 -0.01 0.16 0.66 122 2.04 0.07 0.18 0.23
160°48'W 0.26 0.16 0.87 0.26  0.20 0.23 -
51004  17°30'N 1986 177 267 -0.04 0.17 0.63 120 2.26 -0.03 0.30 0.19
152°36'W 0.06 0.15 0.62 0.22 0.29 0.24
North Pacific
46001 56°18'N 1988 179 3.76  -0.77 0.19 0.69 122 172 -0.09 0.29 0.46
148°18'W -0.21  0.19 0.78 0.21 0.25 0.57
46006  40°48'N 1987 173 396 -0.53 0.19 0.62 122 176 034 0.21 0.64
137°36'W -0.13  0.17  0.71 0.55 0.18 0.71
46035 57°00'N 1988 169 3.62 -0.17 0.21 0.81 112 1.47 0.19 0.25 0.57
177°42'W 0.13 017 0.89 045 0.23 0.68
46036  48°18'N 1987 168 3.92 -0.81 0.19 0.54 120 170 0.18 0.19 0.67
133°54'W -0.32  0.17 0.68 0.38 0.20 0.65

Hs is mean significant wave height from buoy; N is the number of obsérvations. The first row in_the
bias, SI (scatter index) and b (unbiased regression slope) entries refers to the LR version, the second to
the HR version of WAM. Values for bias are in meters.
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Figure 4. (a) Time series and (b) scatterplot of modeled and measured Hs for winter (January,
February, March (JEM)) for buoy 46006 in 1987; (c) time series and (d) scatterplot of modeled and
measured Hg for summer (July-August (JA)), with HR version only in Figure 4d. In Figures 4a
and 4c the solid line is for WAM-HR, the dashed line is for WAM-LR, the dotted line is for the
measurements, and the stars represent altimeter measurements at the buoy’s position. The lines
in Figures 4b and 4d are the unbiased regression lines.

At high Hs the model captures the measured variability
well, but underestimates wave height; peaks are too low.
(2) At low Hg the model underestimates the measured
variability, but overestimates wave height.

Basically, there are four possible sources for the mis-
match between modeled and measured wave heights,
namely, (1) observation error, (2) insufficient model
(WAM) resolution, (3) general model (WAM) error
(apart from resolution), and (4) reanalysis error. These
four possible reasons will now be discussed separately.

3.3.1. Observation error. The Geosat altimeter
data as used in this study are the original data increased
by a factor of 1.13 according to Carter et al. [1992]. In
more recent work on the intercalibration of buoy and
altimeter data, P.D. Cotton and D.J.T. Carter (Cal-
ibration and validation of ERS 2 altimeter wind/wave

measurements, Southampton Oceanography Centre, In-
ternal Document 12, 119 pp. unpublished mammscript
(D.R.A. L.T.T CSM/078), 1996) revisited the Geosat
data, using for consistency with their other analyses a
principal components regression rather than a simple
one-way regression. This work indicated that a smaller
correction of only 6.5% should be applied to the Geosat
data. Figure 3 (thin curves) shows that this recalibra-
tion does not lead to an improvement. Furthermore,
both the ERS 1 data (1992/1993) and the comparison
with buoy measurements (section 3.2) are unaffected.
Therefore we conclude that errors in the altimeter mea-
surements cannot explain the discrepancies.

The altimeter measurements are calibrated by com-
parison with buoys. So errors in the buoy measure-
ments could spoil the altimeter data used to compare
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Figure 4. (continued) —_

the modeled data with. Explaining the discrepencies
found in this manner would require buoys to systemat-
ically overestimate high and underestimate low waves.
To our knowledge there is no evidence indicating that
this is the case.

3.3.2. Model resolution. The improvement of
the HR model compared to the LR model may have
two sources, namely, (1) the higher resolution of the
wave model, and (2) the higher resolution of the input
wind. An integration with the WAM model at high res-
olution, but winds interpolated from the low-resolution
grid, gave results nearly identical to that from the LR
model (not shown). This indicates that the limiting fac-

tor is the quality of the wind rather than the resolution
of the model, confirming results of, for example, Zam-
bresky [1989], who found that increasing the resolution
of the wave model only affects the results if that higher
resolution also provides a better representation of the
wind field, that is, a better representation of gradients
in the wind field, or Graber et al. [1995], who artificially
reduced the resolution of the input wind, but kept the
resolution of the wave model.

The comparison between the results from the LR and
the HR versions of WAM showed that increasing the
resolution has a beneficial effect in situations of high
and highly variable Hg, while at low wave heights the
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Figure 4. (continued)

model results became worse at higher resolution. Ac-
cording to the above discussion, the improvment most
likely comes from the better representation of the in-
put wind. Extrapolating this result, one may expect
even better model results from further increasing reso-
lution for the stormy extratropics, while the possibility
of a further worsening in areas of low Hg cannot be ex-
cluded. Unfortunately, this hypothesis cannot be tested
with the ERA winds, as ERA fields have a maximum
effective horizontal resolution of ~ 2° (see section 2.1),
such that wave model resolutions higher than those of
our HR model are meaningless.

3.3.3. Model error. Large peaks in Hg are di-
rectly related to local wind speed. Missing of wind
speed maxima and consequently underestimation of
wave height peaks are thus likely to result from too
low a resolution of the wave model or the atmospheric
model used to produce the winds. Resolution in both
space and time has to be considered here. This view
is confirmed by the results from the LR and the HR
version, respectively, as explained above. The overesti-
mation of low waves, however cannot be explained by
resolution effects.

Figure 5 shows the ratio of swell height to signifi-
cant wave height. Comparison with Figure 2 shows
that areas of overestimation of Hg coincide with ar-
eas of high swell-to-Hg ratio. It is thus tempting to
speculate on the possibility that WAM produces too
high swell. It has been suggested that the diséipation
used in the propagation scheme is too low (P. Janssen,
private communication, 1997).

Other explanations for the overestimation of waves in
areas of light winds would be an overestimation of ERA
winds in those areas or a poor calibration of WAM for
these circumstances. However, erroneous swell propaga-

STERL ET AL.. WAVE HINDCASTS USING ERA WINDS

tion would also offer an explanation for the conflicting
results from this study and those of Romeiser [1993)
and Janssen et al. [1996]. While Romeiser [1993] also

found an overestimation of low waves, Tanssen et n]
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[1996] did not. However, the latter used a model with
assimilation of altimeter wave heights (from ERS 1).
As Janssen et al. [1996] noted, swell systems benefit
most from assimilation, explaining the lack of overesti-
mation of Hg. At the same time, assimilation might not
have sufficient impact to influence the locally generated
short-lived high waves, explaining the fact that the win-
ter season scatter indices and biases found by Janssen
et al. [1996] are comparable to those found here.

Clearly, the possibility of erroneous sweil propagation
needs more investigation.

3.3.4. Reanalysis error. If we tried to explain
the mismatch in modeled and observed wave heights by
errors in the ERA winds (thus implicitly assuming an
error-free wave model), we would have to conclude that
(mean) wind speeds are too low where wind speed is
high (high latitudes) and too high in areas of low wind
speeds. As discussed above, there is evidence for the
first conclusion, with too low mean winds resulting from
ERA missing wind peaks, which is a direct consequence
of the spatial and temporal resolution chosen. The un-
derestimation of high winds is, however, small. From
Figures 1b and 2a the typical relative error of monthly
mean Hg is found to be less than 10%, so that from (8)
the relative error of monthly mean Ui is inferred to be
less than 5%.

Evidence for the second conclusion could only be pro-
vided by further comparisons of ERA results with in-
dependent observations. This is beyond the scope of
this paper. However, the above discusion shows that it
might be possible to explain the overestimation of low
waves by internal WAM errors.

3.3.5. Conclusion. From the foregoing discussion
we conclude that the monthly mean ERA winds are
slightly (less than 5%) too low in areas of high winds,
while from this study it is not possible to draw a decisive
conclusion on the quality of ERA winds at low wind
speeds.

4. The Wave Climate -
4.1. The Wave Climate 1979-1993

The prime objective of forcing the wave model with
the ERA winds was to assess the quality of these winds.
At the same time, however, the model output forms a
15-year global wave climatology that clearly has a value
in its own right. Analyzing this climatology, one has
to keep in mind the systematic errors discussed in the
foregoing section and be careful when considering wave
heights directly. However, changes in wave heights over
time are more reliable. This can be inferred from the
fact that trends derived from the LR and HR versions
are largely identical. In the following, we only show
results from the HR, version.
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Figure 5. Ratio of swell height to significant wave height (HR model) for (a) January and (b)
July 1988. Contour interval is 0.1 with stippling above 0.9.

Figure 6 shows the December-February and June-
August means of Hg over the ERA period. As expected,
the highest waves are found at the higher latitudes of
the respective winter hemisphere. The waves in the SH
are much higher than those in the NH and are low-
est in the tropics. During winter, waves are higher in
the North Atlantic than they are in the North Pacific.
Along the coasts the largest seasonal mean wave heights
are found in northwest Europe.

4.2. Trends in Wave Climate

For each calender month the linear trend of the
monthly mean significant wave height has been calcu-

lated. In Figures 7a and 7b these trends are shown for
the months January and July together with an indica-
tion of the areas where these trends are significant at
the 95% level according to Student’s t test. Not surpris-
ingly, these trend patterns very much resemble those of
Uio (not shown).

As can be seen, the largest trends occur on the re-
spective winter hemispheres with maxima of more than
1.2 m/decade in the North Atlantic in January and
0.7 m/decade south of Africa in July. Together with
an area in the southern tropical Pacific in July, these
are also the only larger regions where the trends are
significant during the two months. However, the trends
vary very much from month to month.
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Figure 6. (a) DJF and (b) JJA average of Hg from the HR model. Contour interval is 0.25 m
with stippling above 3 m. Every fourth line is thickened.

As an example, Figure 8 shows the trends in Hg and
Ui for each calender month averaged over the North
Atlantic (40°- 60°N and 10°- 40°W). At the 95% level,
the Hg trends are significant only in April, Septem-
ber and October, and at the 90% level also in January.
Therefore, the trend in significant wave height for the
winter season (DJF) in this area (Figure 7c¢) reaches
a maximum of only 0.4 m/decade, which furthermore
is not significant. For the annual mean wave height
(Figure 7d) in the North Atlantic the trend barely ex-
ceeds 0.1 m/decade and is significant only in the direct
vicinity of Iceland. There is, however, a large area of
significant negative trend of more than -0.15 m/decade
along 30°N.

Kushnir et al. [1995] used a statistical method to
hindcast North Atlantic winter (defined as November to
March) wave heights over the period 1962-1986. Their
trend pattern (their Figure 4a) very much resembles
that found here (Figure 7¢), but the amplitude is lower.
This is probably because the statistical method that
was used explains only part of the variance [Kushnir et
al., 1995).

Bacon and Carter [1991) found that annual mean sig-
nificant wave heights over the North Atlantic increased
by about 1 m over the 25-year period 1962-1986. These
trends of ~ 0.4 m/decade are much more than found
here. However, care has to be taken as two different,
only partially overlapping periods are considered. Obvi-
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Figure 7. Linear trend of significant wave height (m/yr) over the ERA period for (a) January,
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ously, the variability of North Atlantic climate is large,
so that changes occurring over different periods need
not be the same.

This can easily be seen by looking at the North At-
lantic Oscillation (NAQO), one dominant mode of vari-
ability over the North Atlantic [Hurrell, 1995]. It is
described by the NAO index, the normalized pressure
difference between Lisbon (Portugal) and Stykkishol-
mur (Iceland). Large values of the NAO index conse-
quently indicate a larger-than-normal pressure differ-

ence between the Azores High and the Icelandic Low,
resulting in larger wind speeds and hence higher waves.
A statistical relationship between the NAO index and
North Atlantic wave height was found by Bacon and
Carter [1993].

From the time series given by Hurrell [1995] it can
be seen that the NAO index increased from about -2
during 1960-1965 to about 1.5 in the first half of the
1980s and to about 2.5 during 1990-1995. Averaged
out, the increase per year is thus much larger during
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Figure 7. (continued)

the period considered by Bacon and Carter [1991] than
during the ERA period. As the NAO index displays
large variations on annual and decadal timescales, long-
term trends can be deduced only from very long time
series.

Besides looking at the wave heights themselves, one
can also consider changes in wave statistics. To this
end we computed the 10% and 90% exceedance wave

heights and their trends for several regions (North At- -
lantic, 40°- 60°N and 10°- 40°W, North Pacific, 30°-

60°N and 140°E - 120°W, and NH, SH, and tropics
with latitudinal boundaries at 20°N and 20°S, respec-
tively). These trends (not shown) form a similar picture
as of those of Hg. Significant trends are found only for
some months over the North Atlantic, while in the other

regions the distribution of wave heights remained more -
or less the same over the ERA period. In the North At-

lantic the 10% and 90% exceedance wave heights were

seen to increase at a similar rate as Hg, the increase of

which is thus accomplished by a shift of the whole wave

height distribution toward higher waves.

5. Discussion and Conclusion

The ECMWF Reanalysis project (ERA) has pro-
duced a 15-year-long internally consistent description
of the atmosphere. The surface winds from this data
set have been used to drive two global versions of the
WAM wave model, a low-resolution (LR, 3° x 3°) and
a high-resolution (HR, 1.5° x 1.5°) one. The wave cli-
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Figure 8. Linear trend of significant wave height

(m/yr, solid line) and surface wind speed (ms~'yr—!,

dashed) averaged over the North Atlantic (40°- 60°N
and 10°- 40°W) as a function of calender month. Trends
in Hg are signiﬁcant at the 95% level in April, Septem-
ber and October. In January, the trend in both quan-
tities is significant at the 90% level.

matologies from these runs have been analyzed focusing
(1) on assessing the quality of the ERA surface winds
by comparing modeled and observed wave heights, and
(2) on changes in wave heights over the ERA period
(1979 to 1993).

We have seen that the modeled wave heights are gen-
erally too low compared to satellite (altimeter) and
buoy measurements in areas of high wind and waves,
and too high elsewhere. Investigation of different possi-
ble reasons for this showed that the underestimation of
high waves most probably is a resolution effect of both
ERA and WAM, while the overestimation most proba-
bly results from internal WAM errors. Therefore, it is
not possible to draw conclusions on the quality of ERA
winds when the wind speed is low.

The HR version of WAM succeeded much better in
capturing the high waves than the LR version, which
thus proved inadequate to simulate global wave climate.
Due to the finite resolution of the ERA wind fields
(6 hours in time, effectively 2° in space) high winds
can be missed, leading to an underestimation of high
waves that significantly contribute to the mean wave
heights at high latitudes. However, this underestima-
tion is small. From our analysis we conclude that the
monthly mean ERA winds are less than 5% too low in
areas of high wind speeds, although for individual peaks
underestimation is larger.

The analysis of trends in wave height over the ERA
periods reveals that trend patterns vary much from
month to month, and that trends are significant only in
limited areas. Together, this indicates that the WAM
output is unable to detect any significant change in wave
climate during the ERA period.
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Appendix: Technical Description of
Wave Data Set

The WAM model was run in a low-resolution (LR)
version on a 3° x 3° grid covering the whole globe be-
tween 72°N and 63°S, and a high-resolution (HR) ver-
sion on a 1.5° x 1.5° grid covering the whole globe be-

tween R1°N and 81°8. The wave snectra of both versions
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are represented by 12 directions and 25 frequencies. The
propagation time step is 1 hour for the LR version and
20 min for the HR version. Winds are updated every
6 hours (the synOptic hours of ERA) and held constant
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sion takes sea ice into account by inhibiting waves at
ice-covered grid points. A grid point is considered to be
ice-covered if the surface temperature is below -1.75°C.

However, this feature was erroneously switched off dur-
ing the period 1979-1986. In this sense the results from
the HR version are not homogeneous. Fortunately, the

+ ftha ip
c‘ﬁ‘ects are Luuﬁned to the Vlcﬁnﬁu'y' of the ice ma,rgxﬂ

Results from the LR version were saved every 12
hours (at 0000 and 1200 UTC), those from the HR ver-
sion every 6 hours (at 0000, 0600, 1200, and 1800 UTC).
Results from the HR version are stored in ECMWE’s
Mars archive using ECMWF local code table 2, ver-
sion 140 for FM 92-VIII Ext. GRIB. Table A1 gives an
overview of the quantities stored and the corresponding
code numbers.

Due to some serious problems that were only discov-
ored during the ERA production runs, the periods Jan-
uary 1979 to August 1980 and June 1990 to November
1992 had to be rerun [Gibson et al., 1996]. The LR

Table Al. Quantities From the WAM Runs Stored
in Mars

Code Mars Field Units
Abbre-
viation
229 SWH significant wave height m
230 MWD mean wave direction ~degrees
231 PP1D peak period of 1d spectra s
232 MWP mean wave period S
233 CDWW  coefficient of drag
with waves
234 SHWW  significant height of
wind waves m
237 SHPS significant height of
primary swell m
238 MDPS mean direction of
primary swell degrees
241 MU10 mean of 10 m wind speed m/s
242 MDWI  mean wind direction degrees
245>  WSTR®  wave-induced stress

aThis code figure is not from ECMWF local code table 2.
®According to (7).
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version has also been rerun for these periods, but differ-
ences in Hg between the rerun and the original results
proved to be small, not exceeding 10 cm for the monthly
means. Therefore, the HR version has only been run for
the original ERA version, labled EXPVER=01.
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