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1. INTRODUCTION


Defining the wave climate of New Zealand has been hampered by a paucity of measurements and poor coverage (Stanton 1992).  Until recently, observations of waves from ships of opportunity furnished what has been the largest single source of data, and the only data for much of the region’s oceans.  These data are based on visual assessments of wave conditions.  There is considerable scatter in individual observations (Laing 1985) but useful climatologies have been generated from large ensembles (Reid and Collen 1983).  To supplement measurements and observations, there have been attempts to generate synthetic wave data by numerically modelling wave conditions.  Such models have been shown to provide a good indication of wave conditions both globally (Sterl et al. 1998) and in the New Zealand region (Laing 1993).  Nevertheless, wave observations are required for verifying these models and providing independent assessments of wave climate.  

Data coverage has been improved dramatically with remotely-sensed data from satellites.  Satellite-borne radar altimeters can measure waves accurately (Dobson et al. 1987; Cotton and Carter 1994), with wave heights from a “footprint” within 0.5m (or 10%, whichever is the larger) of in situ measurements.  This is comparable to the sampling error from wave buoy measurements from 20-min records.  Although the altimeter can only provide a measure of wave height (and, less directly, wave period), it has given good coverage of the oceans since 1985.  There are now sufficient data for useful wave climatologies to be compiled (Barstow and Krogstad 1995; Young 1996; Josberger and Mognard 1996; Cotton et al. 1997).
2. SATELLITE DATA 

Since 1985 there have been four major satellite altimeter missions.  For the present study the data have been derived from GEOSAT (April 1985-September 1989), ERS-1 (August 1991 to August 1995), ERS-2 (April 1995 to August 1998), and TOPEX (Ku-band altimeter, September 1992 to August 1998).  In total, this study uses 138 months of data extending over 13 years 4 months.

The study is confined to the southwest Pacific surrounding New Zealand.  The data within the region 60(S-20(S, 150(E-170(W were extracted from the Geophysical Data Records (GDRs) supplied on CD-ROM from each mission. All data were binned into 2( by 2( latitude/longitude squares.  A quality control procedure was used to screen dubious data.  Significant wave height (SWH) data were excluded if they were identically zero or exceeded 25 m.  Each SWH value in the GDRs is generated over a 1-s interval from more rapid sampling (10 Hz or 20 Hz depending on the mission).  The data were further averaged along 10-s segments of each satellite track so that the resulting data points are approximately 60 km apart.  A check on the standard deviation within the 10-s interval was applied, with highly variable data being rejected.  Data records were also rejected if the satellite orientation drifted significantly from the vertical. 

The spatial sampling differs from satellite to satellite.  Sampling patterns varied from dense, long repeat-period configurations (168-day ERS-1 phase) to regular but sparse patterns.  The choice of 2( by 2( latitude/longitude bins overcomes most of the potential spatial sampling problems. 

The data were also accumulated into monthly SWH averages. Typically, from any given satellite, there are about 20 observations (60 km averages) per month, spread over 5 passes. There is still considerable potential for undersampling, and hence high sampling variability, in the monthly means, but when statistics are derived for larger areas, for longer periods, or from several satellites the statistics are more stable.  For example, for a given satellite, using the southern region of our domain at 60(S-50(S we would have 2000 data points per month.   The choice of 2( bin size is consistent with the findings of Cooper and Forristall (1997), who concluded that spatial under-sampling is not a significant problem provided the satellite data are sampled over 200-300 km regions. 

To combine data from several satellite missions, the differences between altimeters must be addressed.  A number of studies have compared SWH from altimeters with buoy data, and these show small systematic differences between the altimeters.  In most of these studies the open-ocean buoys operated by the National Data Buoy Center have been used as the reference standard.  The differences appear to vary with wave height and the usual approach has been to fit a linear regression so that “corrected” or “buoy-equivalent” data can be derived from the altimeter estimates (see Table 1).

Table 1 – Regressions used in the present study for calibration of altimeter-derived significant wave heights.  “h” refers to the satellite significant wave height and the linear regression gives the buoy “equivalent” height. (t) is a time-dependent correction explained in the text


Regression

GEOSAT
1.069h +0.089

ERS-1
1.195h +0.105

ERS-2
1.090h -0.070

TOPEX (Ku)
1.055h -0.049 -(t)

A complicating factor affecting the TOPEX data has been an observed drift in the altimeter data since April 1997 (Queffeulou 1998) due to degradation of the altimeter.  Challenor and Cotton (personal communication, 1999) have described the trend, including a 4 mm drift from about September 1996.  Consequently, they proposed a revision of the TOPEX correction with a term which subtracts (t) = 2.82x10-5t + (3.97x10-4t-0.722)H, where t is the number of days from the beginning of 1992 and H is a Heavyside function which is unity from day 1730.  This correction is applied in this study.  Monthly means for ERS-1 and ERS-2 in the study region were then compared with the monthly means of the corrected TOPEX data, and from the principal component of the regression a new correction for ERS-1 and ERS-2 were inferred.

3. SHIPS’ DATA

Weather reports from ships around New Zealand have also been used to produce a climatology for comparison with the satellite data. The observational elements that have been archived include wind-sea height, the heights of up to two swell trains and the associated swell direction(s).  It was found that much of the wave signal is in the first swell train, even for coastal waters. For comparison with satellite wave heights, where a separation into wind-sea and swell is not made, the data is recombined (Hc) by assuming independence in the individual wind-sea and swell components and taking the root-sum-of-squares of the identified components (i.e. Hc=((Hsw2+ Hws 2) for wind-sea Hws and swell Hsw ).

The area of study encompasses the same area covered by the satellite data.  In sections 5 and 6 an area in the central Tasman Sea is studied in greater detail. This region (35(S to 45(S, 155(E to 165(E) has quite a large number of observations and is not contaminated by any observations close to coasts.

The monthly mean wind-sea, swell and combined wave heights from ships’ observations were determined from all reports in these areas for the years 1986 – 1998.

4. MEAN WAVE CONDITIONS

The mean significant wave height from all satellites was found by combining the overall monthly means into an all-seasons mean. This is mapped in Fig. 1.  The latitudinal variation in wave conditions is quite marked, with mean SWH ranging from just over 2 m at 20(S to over 4 m south of 50(S.  The land shadows around New Zealand, and east of Australia are evident.  These are aligned southwest to northeast, indicating that the most significant wave events are from the southwest.  There is little shadow to the south of South Island, consistent with a relatively unimpeded exposure to wave events.  It is interesting to note that the wave shadow cast by New Zealand extends into the Pacific Islands, at 20(S to 25(S.

A similar mapping is not possible for the ships’ observations. However, the ships’ data described above has been separated into 16 sea areas, each 10( of longitude by 10( of latitude.  The mean combined wave height for each area is given in Table 2 and the number of reports used in the mean are in Table 3.
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Fig 1: Mean SWH from all satellites combined for the period 1985-1998.
Table 2: Mean combined wave height from ship reports in the areas below for the years 1986–98.

Lat\ Lon
150(E-160(E
160(E-170(E
170(E-180(
180(-170(W

20(-30(S
2.04
2.08
2.17
1.57

30(-40(S
2.27
2.63
1.91
2.71

40(-50(S
3.14
2.28
-
2.58

50(-60(S
4.23
2.92
2.69
4.26

Table 3: Number of reports per sea area used in the means from the years 1986 – 98.

Lat\ Lon
150(E-160(E
160(E-170(E
170(E-180(
180(-170(W

20(-30(S
18140
13443
11431
18228

30(-40(S
34557
28837
76759
5148

40(-50(S
4616
21528
>100000
2108

50(-60(S
404
628
274
128

Regional differences are consistent with the satellite data (in Fig. 1). The mean height generally increases from north (about 2 m) to south (over 4 m) in the analysis area. However, a low mean height (<1.5 m) was noted for the area 40(S-50(S, 170(E-180(.  The number of reports is highest in this particular area, including those from ships travelling between ports on the New Zealand coast. The observations are concentrated near the coast and the low mean height is undoubtedly because the data reflect wave-reducing processes (sheltering from swell and limited fetches) around the coasts. 

The next lowest mean height is in the area 180(-170(W, 20(S-30(S. This is anomalously low in comparison with the other values in this latitude band; a value nearer 2.0 m may seem more consistent.  However, the pattern is consistent with the satellite data (Fig. 1).  In the mid-Tasman Sea more than 60% of all swell reports identify a primary swell train from the southwest, with highest occurrence (over 65%) in the austral autumn and spring.  This suggests that that the low heights to the northeast are due to sheltering of the swell waves by New Zealand

The highest mean swell height is in the easternmost and southernmost sea area. The number of reports is also lowest in this area so the results may be less representative. Nevertheless they appear to match the satellite data in Fig. 1.  The comparable satellite parameters are formally calculated and compared with the ships’ observations in Fig. 2.  Except for the value for ships in the 10( square including New Zealand, the relationship is quite linear.  The correlation (omitting the square around New Zealand) is 0.76, and the overall bias is 0.61 m.

Considering only the swell reports the correlation is 0.85 and the bias is 0.74 m.  The main factor in the worsening correlation when using combined observations from ships appears to be that in the southern, higher wave areas, low wind-sea observations are made.  The combined waves are therefore not much higher than the swell alone.  
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Fig. 2: Mean SWH derived for 10( squares within the larger study domain from satellite data and ships’ observations.  Comparisons are shown for swell (left) and combined waves (right)

5. ANNUAL CYCLE IN TASMAN SEA

Seasonal differences in wave observations are quite marked.  The annual cycle of average monthly SWH over the central Tasman Sea region (35(S to 45(S, 155(E to 165(E) is plotted in Fig. 3. For this section and section 6 only the open-ocean mid-Tasman data are considered.  Because this area is clear of the coasts, there should not be a great deal of spatial variability and reports from ships which frequent particular routes should be reasonably representative.

Fig. 3 shows a strong annual cycle, with a maximum from May through to August and a minimum in December-January.  There is a hint of bimodality, with peaks in March and August. The region has a range of weather patterns, and these have varying contributions to the overall mean.  It is probable that the March peak is associated with early autumnal storms at mid-latitudes and the August peak with winter southerly storms.  

The amplitude of the cycle in SWH measured from the satellite data is 0.9 m.  It was calculated that this annual cycle accounts for 34% of the variance in monthly means.  The latter is modest, but not surprising given the variability in the data and in the monthly means.  The standard deviation in all satellite observations in this area was calculated as about 0.8 m.  We note also that the standard deviation of monthly anomalies (i.e. the residual monthly mean after the annual cycle is removed) varies from 0.4 m in the tropics to 0.7 m at high latitudes, and is about 0.5 m in the mid-Tasman Sea. This is a substantial proportion of the amplitude of the annual cycle.

The matching result from the ships’ observations is also plotted in Fig. 3. The seasonal variation is present but with smaller amplitude (0.4 for combined wave).  The mean height is again highest in the middle months of the year and lowest in December and January. The overall mean height from the ships’ combined wave observations is 3.0 m.  For the satellite observations the value is 3.2 m.  The seasonal variation of swell and wind-sea is also shown. The mean swell height ranges between 2.5 and 2.9 m and the mean wind wave height is between 1.1 m and 1.5 m.  In addition, in about 15% of the reports there is a second swell train reported with a mean height between 1.5 m and 2.0 m.  It is interesting to note that the detail of the secondary peak in March is also a feature of the ships’ observations.  

The number of data contributing to each monthly mean is shown in Fig. 4.  There is a clear reluctance for shipping to ply the Tasman or make observations there in winter.
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Fig. 3: Mean wave heights by month in the central Tasman Sea area 35(S to 45(S, 155(E to 165(E. 
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Fig. 4: Number of ships’ observations in the Tasman Sea area for the period 1986-97
6. INTERANNUAL VARIATIONS IN WAVE HEIGHTS 

 In Fig. 5 the monthly combined SWH means for the central Tasman Sea area are plotted for the full study period, along with the matching values from the satellite data.  This figure indicates considerable monthly and yearly variability.  However, as previously noted the sampling variability, particularly in the ships’ data, will be quite high.  The point-by-point correlation between the ships’ and satellite data is 0.6.
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Fig 5: Time series of monthly mean SWH from ships’ observations (dot-dash line) and satellites (grey solid line).

To view the interannual variations the yearly mean heights were calculated for the central Tasman Sea area.  These are shown in Fig. 6 for full years from 1986 to 1998.  The mean swell height (first swell train only) and wind-wave height are also shown. There appears to be consistency in the variations shown by both satellite and ships’ data.  Of particular note is the high in 1994, consistent in wind-sea, swell and satellite observations, followed by a minimum in 1996.
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Fig. 6: Mean wave height for the Tasman Sea area by year.

The total number of ships’ reports in the central Tasman Sea area for this period is plotted in Fig. 7. There is an obvious change from 1992 with many more ships reporting in the later period.  This was due to enhanced data capture.  Prior to the change most reports were obtained as log forms and entered manually.  After this period the data came directly from international communication networks.  There was also a break in our data source during this period, with the result that there are two incomplete years, which have not been plotted.
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Fig. 7: Number of wave reports per year in the central Tasman Sea area. 

7. PATTERNS OF VARIABILITY

Regional variations in the mean wave conditions were identified in section 4.  Further to that description, the satellite data are sufficiently dense and spatially homogeneous to permit an analysis of temporal variability in this pattern.  A principal component analysis of the monthly mean SWH fields from the satellite data identified the main patterns of variability. 
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Fig. 8: First EOF of the monthly mean SWH fields generated from satellite data.

The first four Empirical Orthogonal Functions (EOFs) explain 31%, 8.4%, 6.4% and 4% respectively of the variance in the monthly mean fields.  Fig. 8 shows the first EOF. 

This captures most of the annual cycle.  As in Fig. 1 the land shadow around New Zealand is prominent, particularly to the northeast, in the lee of southwesterlies. 

For further analysis the monthly anomalies were calculated and the EOF analysis was repeated.  The first six patterns explain 16.2%, 8.4%, 7.7%, 4.6%, 3.7% and 2.8% of the variance respectively.  Fig. 9 portrays the first 4 patterns. It is noted that the first EOF is similar to that in Fig. 8.  This suggests that the first EOF anomaly represents variations in the amplitude of the seasonal cycle.

[image: image9.png]



Fig. 9:  First four EOFs of the monthly SWH anomalies. (a) EOF1, (b) EOF2, (c) EOF3 and (d) EOF4.  Dark shading indicates high positive amplitude and light shading is low or negative amplitude.
The second EOF captures the northeast-southwest polarity, the third captures Tasman Sea anomalies, and the fourth the mid-latitudes to the east of New Zealand.  

The EOFs gain physical meaning when associated with varying patterns in wind.  However, there are few established indices.  One exception, with particular significance in the equatorial Pacific, is the Southern Oscillation Index (SOI).  Gordon (1986) identified typical anomaly patterns in windfields over the southwest Pacific that are associated with the negative phase of the index (the so-called El Niño events).  The SOI is a smoothed measure revealing seasonal fluctuations.  Accordingly, the time series of the coefficients of the EOFs are smoothed, using a loess filter.  Matching these with a similarly smoothed series of monthly SOI values reveals persistent features in the fourth EOF (Fig. 9d) that appear to be inversely related to the SOI. The correlation of –0.40 is significant, although the number of events identified by the SOI during the period of the present study is small.  Thus, when the SOI is low, the waves to the east of New Zealand are higher than normal. The main feature of the surface pressure anomalies associated with negative SOI is increased pressure gradient over New Zealand and to the east and southeast of the country (Gordon 1986; A.B. Mullan, pers. comm.).  This is associated with a southwesterly anomaly in surface winds.  The consequence of such winds is to generate higher than normal waves around and to the east of New Zealand, as captured by the fourth EOF in Fig. 9d.  The smoothed SOI also correlated reasonably well (coefficient of -0.43) with the first EOF.  This pattern (Fig. 9a) highlights the shadowing to the northeast (in the lee of the southwesterly anomaly in wind) and intense fetches to the south of New Zealand.

An empirical approach has been taken to identify the source of other anomaly patterns identified in Fig. 9.  For this purpose, monthly mean wind fields from the National Centers for Environmental Prediction (NCEP) 40-year re-analysis were used (Kalnay et al. 1996).  Wind fields were available 12-hourly on a 2.5( latitude/longitude grid.  From these, monthly zonal and meridional winds were derived over the same domain used here for the wave climate analysis.  Anomalies in the winds for the 1985-1998 period of this study were also found.  

[image: image10.png]EOF2 Coefficient

EOF3 coefficient

]
—

]
—

51 ()

Z ﬁ\\ '\A (4 ,\ % "’l ' !
2. V | / ' sd ) L (f 47'} T]H W‘ lj'w\; 2 0
e ; )
(b) 5
;) ’\ | ) " Y i 5
i \””A A\‘“W' *f $1|,N :'"L\NH 4 h\V\J‘h\*‘-O
Sl 5
v

Year

Zonal anomaly (ms™)

Tasman Sea wind anomaly (ms™)




Fig. 10: Time series of wind indices matched with coefficients of selected principal components.  (a) Integrated zonal anomaly with the second EOF, (b) Zonal anomaly in Tasman Sea with the third EOF.

In Fig. 10a the monthly mean zonal wind anomaly integrated over the full domain is shown.  This indicates the waxing and waning of the zonal wind.  The coefficient of the second EOF (Fig. 9b) is also plotted and an inverse relationship is evident.  The correlation coefficient between the two series (unsmoothed) is –0.51, suggesting that about 26% of the variance in the coefficient of the second EOF of monthly SWH anomalies is explained by this zonal index.  Noting the pattern of the EOF in Fig. 9b, this appears reasonable.  A negative anomaly in the index could be due to a slackening of the westerlies in the southern region, which would result in the lower waves indicated there by the EOF pattern.  Similarly a strengthening of the easterlies in the north of the region would contribute to a negative anomaly, and lead to higher waves, also indicated by the EOF pattern.

The occurrence of Tasman Sea storms can be measured by integrating the wind anomaly over the Tasman Sea between 40(S and 30(S.  It appears to be the zonal wind in this region that is related to the third EOF of the monthly SWH anomalies (Fig. 10b). The correlation coefficient is +0.54.  Westerlies in the Tasman Sea also explain the rapid change in this EOF where New Zealand interrupts wave growth and propagation. 

8. CONCLUSIONS

The data from satellite-borne radar altimeters have provided unprecedented observations of wave conditions around New Zealand. The inter-calibrated data from four satellite missions have been combined to provide more than 12 years of observations.  These have also enabled the annual cycle and interannual variability to be assessed.   A collation of ships’ observations of waves has been compared with the satellite data.

The spatial distribution of the long-term mean of significant wave heights indicates a strong latitudinal variation in the southwest Pacific, with values of over 4 m at latitudes of 50(S-60(S and under 2.5 m towards the tropics.  The shadowing of New Zealand is quite marked, a result of the dominant contribution of southwesterly wave events. These features are evident in both streams of data. The combined wave observations from the ships are on average about 0.2m lower than the satellite-derived values.

The annual cycle is also revealed in both ship and satellite data, although with lower amplitude in the latter. Interannual variations are also evident, with co-varying signals in satellite and ships’ data.  

An EOF analysis of the monthly anomalies in mean SWH indicates spatial patterns, which can be associated with specific wind conditions.  These associations are not strong, explaining less than 50% of the variance.  The second EOF appears to be related to fluctuations in zonal wind over the domain, and the fourth appears to co-vary negatively with the SOI.
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