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ABSTRACT

The purpose of this study is to characterize differences in the time/space
structure present among conventional descriptions of the tropical Pacific surface wind
field, and in turn, to quantify the impact of these differences on our ability to model
the dominant wind-forced variability of the tropical Pacific Ocean on seasonal and
interannual time scales. A linear, multiple vertical mode ocean model is used as a
transfer function to determine the influence of three distinct surface wind stress
products for the period 1919-1983. This five-year period was chosen for study because
it encompasses three years of a fairly regular seasonal cycle leading up to the 1982-83 El
Nino for which there are several coincident oceanic and surface wind data sets. The
three different wind analyses used are the Florida State University subjective analysis,
the University of Hawaii subjective analysis, and the Fleet Numerical Oceanography
Center objective analysis. We examine first the three mean seasonal cycle solutions prior
to El Nifto which then serve as self-consistent bases for analyzing the significant
anomalies about the mean in 1982-83.

The impact of uncertainties in the forcing functions is discussed relative to the
dominant seasonal and interannual scales of variability for the wind-driven oceanic
response. On seasonal 9me scales, critical differences in the wind stress products, of
order 0.2-0.4 dynes cm- , were in wind regimes of surface convergence and significant
gradients such as the ITCZ and SPCZ. These uncertainties in the wind fields were
manifested in model sea level solutions as 6-12 cm discrepancies near the NECC Trough
and east of New Guinea. On interannual time scales, the influence of greater sampling
along the major ship tracks was evident. Away from the major shipping lanes rms
differences in the wind stress anomalies q919-1983) about the mean seasonal cycle
(1919-198 I) reached up to 0.5 dynes cm- . The combined effect of these differences in
the wind products resulted in 8-20 cm rms differences in the model sea level
simulations. The largest of these discrepancies tended to exist at the terminus of
equatorial wave characteristics, e.g, in the east along the equator and in the west off the
equator.
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1. Introduction

Tropical ocean variability on time scales from months to years is considered to
be principally deterministic (WCRP, 1985). In this regard the dynamic response of the
tropical ocean is governed by the temporal and spatial structure of the surface wind
stress. It follows that our ability to model accurately the upper tropical ocean circulation
is intimately tied to our ability to describe accurately the surface wind field.
Unfortunately, as a result of the logistical problems in monitoring the surface wind field
over tropical oceans it is difficult to assess the accuracy of gridded fields of surface
wind stress generated from sparse ship, buoy, island, or cloud motion observations or
operational center analyses. Little is known even of the similarities or differences, on
both seasonal and interannual time scales, among the various wind products presently
available. The implications of possible and likely discrepancies and uncertainties in
surface wind stress prescriptions for tropical ocean simulations is then also unknown.

The most straightforward way of assessing the dynamic, wind-driven response of
the tropical ocean circulation is via vertically integrated variables, such as sea level,
dynamic height, and heat content, which tend to average out nonlinear, nonadiabatic
effects. Previous tropical Pacific model sea level studies have demonstrated that the
quality of interannual hindcasts is higher along the equator and eastern boundary where
the response is an integral function of the equatorial zonal wind stress to the west
(Busalacchi and Cane, 1985). The quality of sea level hindcasts is degraded away from
the equator where the solution is determined, in part, by a derivative of the forcing, i.e.,
the wind stress curl. Random errors present in wind stress data would tend to have a
greater influence off the equator where they would be differentiated as opposed to on
the equator where their effect would be integrated.

Recently, a series of numerical experiments have been performed in order to
assess the impact of wind stress uncertainties on the dynamic response of wind-driven
tropical Pacific Ocean simulations. McPhaden et al. (1988a) examined simulations of the
mean seasonal cycle using a multiple vertical mode linear model forced with three
different surface wind stress products averaged over the period 1979-1981. Simulated
mean seasonal cycles in dynamic height and sea level were then compared with observed
variations based on expendable bathythermograph (XBT) and island tide gauge data
averaged over the same 1979-1981 period. Landsteiner et al. (1989) examined the
Sverdrup responses to the three-year mean (1979-1981) wind stresses and compared
those responses to XBT -derived pressures and transports for the same period. Busalacchi
et al. (1989) extended these studies to consider the interannual variability for the five
years 1979-1983 including the anomalies associated with the 1982-83 El Nifio. This
allowed the similarities and discrepancies between the three wind products on seasonal
time scales to be quantified and intercompared with those on interannual time scales.
The impact of the differences in the wind field was assessed by a similar treatment of
the model sea level solutions. Related studies were also performed in which the model
solutions were used to address array design and sampling questions pertaining to the
XBT (McPhaden et al., 1988b) and sea level (Springer et al., 1989) observations. The
purpose of the present note is to summarize succinctly the differences in the time/space
structure present among conventional descriptions of the tropical Pacific surface wind
field, and in turn, to quantify the impact of these discrepancies on our ability to model
the dominant wind-forced variability of the tropical Pacific Ocean on seasonal and
interannual time scales.

2. Wind Stress Products and Ocean Model

The period of interest, 1979-1983, was chosen because it provided an interesting
contrast between a fairly regular mean seasonal cycle for 1979-1981 and the extreme El
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Nirio event that followed in 1982-83. More importantly, it was also a time for which
there are three different wind stress products available, each resulting from a consistent
analysis scheme over the full five years. Two of these data sets are derived from
subjective analyses, and the third is derived from an operational objective analysis. One
of the subjective analyses is the Florida State University (FSU) analysis of ship-board
observations provided by J. J. O'Brien. The analysis procedure of transforming
individual ship wind observations into monthly mean wind stress fields on a 2° x 2° grid
is described by Goldenberg and O'Brien (1981) . The second subjective analysis is a
combination of satellite-observed, low-level cloud motion vectors, ship wind
observations, island wind observations, and buoy wind observations performed by J.
Sadler at the University of Hawaii. The production of monthly mean surface wind and
wind stress data sets on a 2S x 2S grid is described by Sadler and Kilonsky (1985) and
Sadler et al. (1987). The third data set is an objectively analyzed operational product
from the Global Band Analyses of the U. S. Navy's Fleet Numerical Oceanography
Center (FNOC). An objective analysis based on Cressman (1959) is used on all reports
(ship, island, buoy, etc.) in an operational data base for 6-hour intervals on a 2.5° x 2.5°
grid. Six-hourly stresses are computed and averaged to form monthly means. A constant
drag coefficient of 1.5 x 1O~3 is used to convert from wind to wind stress for each of
the three wind data sets.

A linear, numerical treatment of the shallow water wave equations is used as a
transfer function to analyze the wind-driven dynamic response of a model tropical
Pacific Ocean to different representations of the surface wind stress. The model basin
extends from 200N to 200S and 126°E to 700W. For the purposes here, sea level is the
variable of interest. In response to the monthly mean forcing from January 1979 to
December 1983 model height field solutions are generated for the first four baroclinic
modes. A final sea level solution is found by summing the individual contributions to
sea level from each of the four vertical modes. We consider both the mean seasonal
cycle of sea level during the pre-EI Nifio period 1979-1981 and the anomalies for 1979
1983 about the 1979- 1981 mean seasonal cycle.

3. Results

In this note we will only focus on the zonal wind stress since it is the dominant
component of the trade winds and the most important for driving the tropical ocean
circulation. Root mean square (RMS) differences between all three wind stress products
for both the seasonal cycle and interannual anomalies are used as a measure of the
discrepancies and uncertainties among the three data sets. Similarly, rms differences
between the three model sea level solutions are used to depict how the differences in the
total wind stress forcing become manifest in the forced integrated response of sea level.
Busalacchi et al. (1989) provide a more in depth treatment of the signal and uncertainty
in the annual mean, seasonal variability, and interannual variability of the zonal wind
stress, meridional wind stress, wind stress curl, and resultant model sea level response.

On seasonal time scales, as defined by the mean seasonal cycle for 1979-1981, the
~argest fluctuations for the zonal wind stress (standard deviations of 0.4-0.7 dynes cm-

) are similar in all three wind products and are associated with the broad-band seasonal
excursions of the Intertropical Convergence Zone (lTCZ) in the Northern Hemisphere
and the monsoon circulation of both hemispheres in the far western portion of the basin.
With this seasonal signal as background, the largest rrns difference:! in the seasonal zonal
wind stress, as shown in Figure I, are of order 0.2-0.4 dynes cm - along 8°-looN and in
the Southern Hemisphere where there are few wind observations. The maximum rms
differences usually coincide with the largest seasonal fluctuations, i.e., the error is largest
where the signal is largest. Of the three rms product combinations, the FSU and Sadler
zonal wind stress appear to be the most similar to each other and conversely the largest
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rms differences are with the FNOC data. In general, the rms differences are less than
the standard deviation of the seasonal cycle when viewed on the basin scale. If the
discrepancies that the rms differences represent are taken to be a measure of the
uncertainty or noise within the forcing data and the seasonal standard deviations as
signal, then a crude signal/noise measure of approximately 1.5 is obtained for the
seasonal zonal wind stress. A similar measure is also found for the seasonal meridional
wind stress.

Whereas the basin-scale structure of the seasonal variability for the three zonal
wind stress products was similar, the sea level responses to the total wind stress forcing
are dissimilar. The only aspect of the seasonal response common to all three solutions is
a region of maximum variability of 6-9 cm in the northeast corner of the basin. The
rms differences between the three seasonal sea level solutions are shown in Figure 2.
The largest differences, of order 6-9 cm, are in the vicinity of the North Equatorial
Countercurrent (NECC) Trough beneath the ITCZ and are of similar amplitude to the
maximum of the seasonal sea level response. The location of these differences signifies
major inconsistencies in the seasonal variability and structure for the NECC and North
Equatorial Current across the entire basin in the three solutions. The most significant of
these differences is found to occur between the Sadler and FNOC forced solutions.
Other notable differences, from 4-12 cm, are found beneath the South Pacific
Convergence Zone (SPCZ) in the southwestern tropical Pacific. As a result of equatorial
wave radiation away from regions of significant forcing, uncertainties in the wind stress
can propagate to points far beyond the region of forcing. Thus, the signal to noise ratio
of 1.5 that characterized the zonal and meridional wind stress components does not hold
for the integrated response of the model sea level. The rms differences in sea level
across the basin are nearly equivalent to the mean seasonal sea level signal implying a
signal to noise ratio of I.

The interannual variability is addressed by considering the anomalies for 1979
1983 about the mean seasonal cycle for the pre-EI Nifio years of 1979-1981. In terms of
the zonal wind stress, the largest anomalous variations a~e in the central equatorial
Pacific between 1400W and 1600W of 0.4-0.5 dynes cm- for both the FSU and Sadler
products. The maximum anomalies for FNOC are smaller and further to the east.
Inspection of individual monthly anomaly maps indicates this region of maximum
interannual variability is the result of equatorial westerly anomalies during the onset of
the 1982-83 El rino. The basin-wide mean for this interannual signal is approximately
0.25 dynes cm-for all three products. The large~ rms differences in the anomalies of
the zonal wind stress, between 0.25-0.5 dynes cm - ,are also located in the central
equatorial Pacific (Fig. 3). A second area of large rms differences is in the Northern
Hemisphere between 1600E and 1700W. Bordering these regions we are able to see the
influence of denser sampling along the major shipping lanes. From Fiji to the
Philippines/Japan and Fiji ~o Hawaii/North America the rms differences are often
between 0.1-0.2 dynes cm - . For these specific regions of enhanced observations the
signal/noise is greater than 1. Away from these ship ~acks the rms differences in the
wind stress anomalies may reach up to 0.5 dynes cm-and hence the signal to noise 'is
considerably less than I.

In response to the five years of anomalous zonal and meridional wind stress
forcing, the largest interannual sea level variability in the FSU and Sadler solutions is in
the southwestern Pacific of 12-15 cm. Anot her region of large variability is a
symmetric equatorial response found in the east of 9-12 cm. As in the wind stress
forcing the most significant sea level anomalies occur during the 1982-83 El Nifio. The
FSU and Sadler sea level solutions are clearly the most similar (Fig. 4). Root mean
square differences range between 4 and 12 cm and imply a basin-wide signal to noise
ratio greater than I. The rms differences involving the FNOC forced sea level solutions
are considerably larger and exhibit broad regions of sea level discrepancies greater than
12 cm. The signal to noise ratio for the two product combination involving FNOC are
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Figure 3. Root mean square difference between the anomalies (1979-1983) about the
mean seasonal cycle (1979-1981) of the zonal wind stress for
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significantly less than I. Characteristic of all three rms difference pairs is an increase in
the direction of equatorial wave propagation, l.e., from west to east along the equator
and from east to west off the equator.

4. Discussion and Conclusions

The principal objective of this activity was to acquire, analyze, and intercompare
"conventional" wind stress products for the tropical Pacific Ocean on seasonal and
interannual time scales. Subsequently, these data were used to drive a linear, multi
mode numerical ocean model wherein the model served as a transfer function for the
integrated response to the various wind forcings. On seasonal time scales, some of the
greatest difference~ among the FSU, Sadler, and FNOC wind stress products, of order
0.2-0.4 dynes cm" , were in wind regimes of surface convergence and significant
gradients such as the ITCZ and SPCZ. These uncertainties in the wind fields were
manifested in model sea level solutions as 6-12 cm discrepancies near the NECC Trough
and east of New Guinea. On interannual time scales, the influence of greater sampling
along the major ship tracks was evident. Away from the major shipping lanes rms
differences in the anomalies ~1979-1983) about the mean seasonal cycle (1979-1981)
reached up to 0.5 dynes cm- . The combined effect of these differences in the wind
products resulted in 8-20 cm rms differences in the model sea level simulations. The
largest of these discrepancies tended to exist at the terminus of equatorial wave
characteristics, e.g. in the east along the equator and in the west off the equator.

The results presented here indicate that of the three wind stress products, the
FSU and Sadler data were the most consistent on both seasonal and interannual time
scales. The same held true for the sea level solutions forced by these data sets. The
largest discrepancies were found to occur with the FNOC zonal wind stress and FNOC
driven sea level solution. The signal/noise ratios, or more correctly the
signal/uncertainty ratios, that were used to characterize these wind data and wind-forced
solutions tend to support previous intercomparisons of the model sea level with XBT
derived dynamic heights and tide gauge observations. McPhaden et al. (1988a) found
coherence estimates of 0.5-0.7 between the three model simulations and the observations
for the I cycle per year harmonic, which dominates the seasonal cycle over most of the
tropical Pacific. However, no wind stress product was capable of being judged to be
clearly superior to the others based on the comparisons of the model sea level and
dynamic height solutions with the in-situ observations. Although the signal to noise
ratio for the seasonal cycle of the zonal wind stress was greater than one, this measure
yields little information regarding how well gradients in the wind stress are being
described, e.g. ar/ay. When the seasonal variability is considered in terms of the wind
stress curl, which is the most appropriate representation of the wind stress when
considering the off-equatorial oceanic response, the signal to noise is reduced to one.
This is consistent with the signal to noise estimated for the seasonal model sea level
response.

For the interannual variability, Busalacchi et al. (1989) correlated the time series
of sea level anomalies from the model solutions with those observed at 36 island and
coastal stations. The correlations were based on typically four to five years of data
spanning 1979-1983. The overall quality of the FSU forced and Sadler forced sea level
solutions was virtually indistinguishable. Cross correlations between the FSU forced
solutions with the observed sea level ranged between -0.01 to 0.93 with an ensemble
mean correlation coefficient of 0.58. Cross correlations between the Sadler forced
solutions with the observed sea level ranged between -0.45 to 0.98 and also had a mean
correlation coefficient of 0.58. The skill of the hindcast driven by FNOC winds was
significantly less. Correlation coefficients ranged between -0.74 to 0.74 with an
ensemble mean correlation of only 0.17. Consistent with these intercomparisons are the
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signal/noise ratios for the anomalous sea level solutions that are greater than I between
FSU and Sadler but less than I when involving FNOC.

Only the FSU, Sadler, and FNOC wind stress data sets were considered to be
permissible for our analyses of the seasonal and interannual variability as these were the
only products available for which there was a consistent analysis scheme in place for the
entire five year period. Periodic improvements and changes to the analysis schemes at
other operational centers such as ECMWF and NMC precluded the use of these products.
Nonetheless, an internally consistent analysis scheme is essential to any research
investigation of interannual variability. The importance of the El Nifto phenomenon
brings this issue to the forefront. By restricting their focus to only the 1982-1983 El
Nino, Harrison et al. (1989) were recently able to consider the response of an ocean
general circulation model to the three wind sets considered here as well as the
operational wind fields from NMC and ECMWF. Comparison of dynamic heights from
the primitive equation model solutions with those derived from ship-of-opportunity
XBT data also indicated better hindcast skill for the solutions forced by the subjective
analyses than the operational center analyses. The problems encountered in these types
of modelling studies clearly demonstrate the need, sometime during the TOGA decade,
for a reanalysis of atmospheric model based data, such that a multiyear record of surface
winds is produced with an internally consistent analysis. The subsequent use and
scrutiny of these winds in ocean simulation studies will prove very useful in evaluating
the reanalyzed atmospheric data.
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