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Abstract.

The effects of temporal and spatial smoothing of wind forcing were evaluated

in a model simulation of the tropical Pacific Ocean variability during the onset phase of
the 1997/1998 El Nifio. A total of 16 experiments were performed using the NASA
scatterometer wind data smoothed at time intervals from 1 to 30 days and on spatial
scales from 1° to 10°. A major effect of the temporal smoothing of winds is to warm sea
surface temperature (SST) by reducing the energy input for vertical turbulent mixing.
When the daily wind forcing was replaced by the monthly average, the mean SST
increased by 0.5° to 1° over most of the tropical Pacific. The spatial smoothing of winds is
not as effective as the temporal smoothing in causing SST warming, but it has a more
severe influence on dynamical ocean response for smoothing scales above 5°. The onset of
the 1997/1998 El Nifio can be successfully simulated using the wind forcing averaged to
monthly intervals and 2° squares. For climate models the spatial smoothing of wind
forcing on scales larger than the width of the equatorial waveguide is a more serious
limitation than the temporal smoothing on scales up to 1 month.

1. Introduction

The upper ocean dynamical and thermal structures are
largely determined by the wind forcing at the ocean surface.
Thus the numerical ocean models that attempt to simulate
these structures have to include a good representation of wind
stress as a surface boundary condition. However, because of
the general lack of wind observations over the ocean, modelers
usually have no choice but to resort to the wind products with
relatively coarse spatial and temporal resolution. For example,
the commonly used Florida State University (FSU) wind anal-
ysis [Goldenberg and O’Brien, 1981] is monthly in time and
virtually 2° latitude by 10° longitude in space, which is typical
for wind analyses based mainly on shipboard observations.
Although some high-resolution wind data from buoys have
occasionally been used to drive small-scale ocean models for a
limited period of time [e.g., Chen and Wang, 1990], large-scale
climate models are invariably forced with low-resolution wind
products such as the FSU analysis.

The underlying assumption of our common practice with
low-resolution wind data is that high-frequency, small-scale
winds have insignificant influence on the low-frequency, large-
scale ocean variabilities. This might be true to some extent but
is not likely to be generally applicable. For instance, using a
quasi-geostrophic (QG) model of the North Pacific Ocean,
Large et al. [1991] showed that high-frequency wind forcing
accounts for a large portion of the barotropic ocean response
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and deep kinetic energy, although its effects on the baroclinic
fields are quite small. Also in the context of a midlatitude QG
model, Milliff et al. [1996] investigated the role of high-
wavenumber wind forcing. They found that the mean and eddy
kinetic energies could be enhanced by up to an order of mag-
nitude in the eastern basin of the North Atlantic when the
high-wavenumber forcing was applied. The sensitivity of ocean
simulations to wind resolution has also been studied by inves-
tigators who were concerned with the impact of satellite scat-
terometer winds [Barnier et al., 1991, 1994].

A potentially important aspect of the high-frequency, small-
scale wind forcing that has not been addressed previously is its
effects on the upper ocean thermal structure, especially sea
surface temperature (SST), a vital parameter in ocean-
atmosphere interaction. There are reasons to believe that
these effects are far from negligible. First of all, winds can
force turbulent mixing in the ocean surface layer. Because this
diffusive process is irreversible, effects of high-frequency winds
do not average out. The reason is that the energy for turbu-
lence production depends on the magnitude, but not the di-
rection, of winds. It has been demonstrated that a zero-mean,
sinusoidal, high-frequency wind signal can significantly cool
SST through vertical mixing, especially when mean winds are
weak and the surface mixed layer is shallow [Chen et al.,
1994a]. In a model driven by annual or monthly mean winds, it
is often necessary to set an artificial lower limit on wind mag-
nitude to prevent the model from becoming too warm [e.g.,
Gent, 1991].

In addition to its local effects, high-frequency wind forcing
can also remotely alter oceanic conditions by generating non-
dispersive long waves, which is particularly true in the equato-
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Figure 1. Longitude-time plots of the NASA scatterometer (NSCAT) zonal wind stress along the equator
for 16 different resolutions, October 1996 to June 1997. The two numbers at top of each plot denote the grid
size in degrees and the time period in days over which the wind data are averaged.

rial and coastal waveguides. Of special interest here are the en-
ergetic Kelvin waves generated by the westerly wind bursts in the
western equatorial Pacific. These waves have a strong down-
stream influence on the central and eastern part of the ocean and
arguably may play an important role in the onset of El Nifio
[Webster and Lukas, 1992; Kessler et al., 1995]. Since the westerly
wind bursts have a duration of approximately 10 days, they could
be smeared in monthly mean wind products, and the resulting
Kelvin waves could be severely modified. It is not yet clear
whether using monthly winds is sufficient for the climate models
that aim at interannual or longer timescales. Intuitively, one might
think that the predictive skill of El Nifio models could be
degraded by having only low-resolution winds for initialization,
but this seems at odds with the general success of such models.

Therefore it is necessary to quantify the sensitivity of ocean
response, in terms of both dynamical and thermal fields, to the
wind forcing with different temporal and spatial resolutions.
The forcing sets can be either synthesized from the weather

center analyses as in the studies mentioned above or, more
realistically, constructed from real wind observations. The lat-
ter approach was not possible until recently, when satellite-
derived high-resolution winds became available. In this study
we chose to employ the NASA scatterometer (NSCAT) wind
data, binned into different spatial grids and time intervals for
the 9-month period from October 1996 to June 1997, to drive
a primitive equation model of the tropical Pacific Ocean. Be-
cause the study period covers the onset phase of the 1997/1998
El Nifio, during which the activities in the tropical Pacific were
particularly rich, we were able to examine the impact of the
wind-forcing resolution on various ocean variabilities, ranging
from intraseasonal to interannual timescales.

2. Data and Model

The gridded wind fields used in this study are objectively
interpolated from the NSCAT wind observations, with a tem-
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Figure 2. Standard deviation of the NSCAT wind stress magnitude from the climatological mean for 16
different resolutions. The numbers at top have the same meaning as in Figure 1.

poral resolution of 12 hours and a spatial resolution of 0.5°
latitude by 0.5° longitude. The methodology of data processing
is given by Liu et al. [1998]. Here we are not concerned with the
accuracy of the NSCAT data and the impact of sampling strat-
egy, which have been the focus of many other studies [e.g.,
Barnier et al., 1991, 1994; Bourassa et al., 1997]. Suffice it to say
that the NSCAT wind product is probably the best resolved
wind data set available and its quality is sufficient for the
purpose of this study. Since our interest is to compare model
experiments forced by differently smoothed versions of the
same wind product, the errors in the original wind product
should have little influence on our results reported here.

In order to construct a set of wind forcing with various
temporal and spatial resolutions, we first averaged the data
spatially into 1°, 2°, 5°, and 10° squares and then averaged them
in time at intervals of 1, 5, 15, and 30 days, resulting in a total

of 16 different time series of wind stress fields. This simple
approach is different from that of Large et al. [1991] and Milliff
et al. [1996], who identified the forcing at different frequency
and wavenumber bands by carefully filtering the data in the
frequency and wavenumber domains. We are more interested
in the effects of simple temporal and spatial smoothing rather
than the ocean response to the wind forcing of specific fre-
quencies and wavenumbers. Therefore aliasing is not a prob-
lem with which we need to be concerned. Our approach is
useful since most low-resolution wind products available were
obtained by simple temporal and spatial averaging.

The model used here is a version of the o coordinate, prim-
itive equation, reduced-gravity model developed by Gent and
Cane [1989], within which the hybrid mixed layer model of
Chen et al. [1994a] is embedded. The model was originally
designed to support simulation and process studies of the trop-
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Figure 3. Monthly averaged observations of the sea surface temperature (SST) and sea level deviations from
the 1993-1995 three-year mean, for the 9 months from October 1996 to June 1997.

ical oceans. It has been applied previously to simulating the
mean circulation and the SST seasonal cycle in the tropical
Pacific Ocean [Gent, 1991; Chen et al., 1994a, b]. The model
has seven layers in the vertical with higher resolution right
below the mixed layer and a stretched grid in the horizontal
with an average grid spacing of 1°. The meridional resolution is
higher than 0.5° in the equatorial waveguide. The model do-
main extends from 120°E to 70°W and 30°S to 30°N. Within 10°
of the southern and northern boundaries, temperature and
salinity are gradually relaxed back to the Levitus [1982] clima-
tology. The surface heat and freshwater fluxes are specified
using climatological data as described by Chen et al. [1994b).
The model experiments discussed in section 3 differ from one
another only in wind forcing.

3. Results
3.1. Wind Forcing

The model was spun up with the monthly FSU winds from
January 1961 to September 1996, and then the FSU winds were
gradually switched to the NSCAT winds over a period of 1
month. From October 1996 to June 1997 the model was run
with the NSCAT winds of 16 different resolutions. Before we
compare the results from these experiments, let us first take a
look at the differences in the wind-forcing fields. For clarity we
only examine the deviations from a multiyear mean based on
the FSU analysis.

Figure 1 shows the zonal wind stress deviation along the
equator from October 1996 to June 1997 for the 16 different
resolutions. In the high-resolution cases there was a variety of
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Figure 4. Same as Figure 3, except from the model experiment with the wind forcing of the highest

resolution (1° and 1 day).

variabilities in both time and space, among which the most
prominent were the westerly wind bursts in the western and
central equatorial Pacific. These wind bursts were smeared by
the temporal smoothing, especially when the averaging period
is longer than 10 days. The spatial smoothing did not change
the appearances of the wind bursts, but on scales larger than 5°
it did reduce considerably their intensity. A simple pattern of
wind variability emerged after the monthly averaging, which
consists of three broad westerly wind events centered in De-
cember, March, and June and a weak westward propagating
signal corresponding to the annual cycle.

To further explore the spatial distribution of the wind vari-
ability, the standard deviation of the wind stress magnitude is
displayed in Figure 2 for the tropical Pacific Ocean. In the case
with the highest resolution (1° in space and 1 day in time), large
variance occurred in the western tropical Pacific, especially off
the equator, and also in the Intertropical Convergence Zone

(ITCZ). Despite the rather strong equatorial westerly wind
bursts shown in Figure 1, the largest variance was not found at
the equator. The temporal smoothing greatly reduced the vari-
ance but with a much slower rate in the ITCZ and in the
northwest corner of the shown basin. These are the regions
known for large seasonal wind fluctuations. Therefore the
high-frequency winds were responsible for a large portion of
the wind variability, except in the regions where the seasonal
cycle dominated. The spatial smoothing is generally not as
effective as the temporal smoothing in reducing the variance,
indicating that high-frequency variations had rather large spa-
tial scales.

3.2. Model/Observation Comparison

In order to establish the credibility of our model, we need to
demonstrate that the model could do a decent job, at least in
the case where high-resolution wind forcing was applied. Here
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Figure 5. Standard deviation of the model sea level from the 1993-1995 three-year mean for 16 cases with
different wind resolutions. The two numbers at top of each plot denote the resolution of wind forcing as in

Figure 1.

we choose to compare observed SST and sea level fields with
those produced in the experiment with the wind forcing of the
highest resolution (1° in space and 1 day in time). This exper-
iment is then used later as the standard case for the sensitivity
study. For simplicity and consistency, SST and sea level varia-
tions are used throughout this paper to represent the thermal
and dynamical ocean responses, respectively.

Figure 3 shows the observed monthly mean deviations of
SST and sea level for each month from October 1996 to June
1997. The SST data were blended from ship, buoy, and satellite
observations [Reynolds and Smith, 1994), and the sea level data
were derived from TOPEX/POSEIDON altimetry. The devi-
ations were calculated relative to the 1993-1995 three-year
mean. The largest SST variations appeared in the eastern equa-
torial and coastal regions. From October to March the SST there
changed from a relatively cold state to a warm one, with an

increase of up to 6°C, which is just part of the normal annual
cycle. After March, however, the SST did not decrease as dictated
by the annual cycle. It remained warm and the zonal extent of the
warm water became increasingly larger, indicating the arrival of
the 1997/1998 El Nifio. The sea level was anomalously high in the
western part of the ocean up to March, and then the positive
anomalies propagated rapidly to the east. The El Nifio was
apparently associated with the sea level rising or, equivalently,
the thermocline deepening, in the eastern Pacific Ocean.

The corresponding SST and sea level fields from the model
are displayed in Figure 4. The overall pattern and evolution of
the SST fields are quite similar to those observed, though some
errors can be discerned. In particular, the seasonal variation of
SST was truthfully reproduced by the model, but the El Nifio
signal was somewhat underestimated. There was not enough
warming near the eastern boundary in May and June. The sea
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Figure 6. Same as Figure 5, except for SST.

level fields produced by the model did not agree with obser-
vations in every detail, but the model simulated well the se-
quence of the large-scale fluctuation, i.e., the anomalously high
sea level first in the west and then in the east and the fast
transition in between. Generally speaking, the model was able
to capture the observed variabilities of both dynamical and
thermal fields during this period. It is fair to conclude that this
model is realistic enough for the present study.

3.3. Sensitivity to Wind Resolution

The dynamical model responses to the wind forcing with 16
different resolutions are first compared in Figure 5 in terms of
the standard deviation of sea level. Despite the large differ-
ences in the wind-forcing variance (Figure 2), the model sea
level variances are rather similar for the different experiments.
In all cases there are two major centers of activity, one in the
west, due to the sea level buildup before the El Nifio, and the
other in the east, associated with the onset of the El Niiio. It is

worth noting that the pattern of the sea level variance is totally
different from that of the wind forcing, and thus the ocean
dynamical response to the wind is not local. The relatively high
variance along the equator and in the eastern part of the
ocean, where wind variance was rather small, was mostly a
result of the equatorial Kelvin waves. The temporal smoothing
of winds with averaging periods up to 1 month had no notice-
able effects on the total sea level response. The spatial smooth-
ing, however, made a relatively strong impact on the sea level
response in the eastern equatorial Pacific, with approximately
15% and 30% variance reduction for winds averaged over 5°
and 10° squares, respectively.

The standard deviations of SST (Figure 6) also have a pat-
tern that is similar in all cases but bears no resemblance to that
of the wind forcing. The large variance along the equator and
in the east was mainly caused by a combination of the seasonal
SST variation and the El Nifio (see Figure 3). Because the SST
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Figure 7. Nine-month average of model SST difference from observation for 16 cases with different wind

resolutions.

seasonal cycle there is largely determined by local heat fluxes
and local winds [Chen et al., 1994b; Kessler et al., 1998], we
should not directly relate the eastern Pacific SST variability to
the similar pattern found in sea level, which was remotely wind
driven. Indeed, the sensitivity of SST to the wind forcing was
quite different from that of sea level. The temporal smoothing
now had a more significant impact on the SST variance than
the spatial smoothing. The longer the averaging period of
winds is, the larger the SST variance. Nearly 30% variance
increase was found in the eastern equatorial Pacific for the
monthly averaged wind forcing. This is because the smoothing
of high-frequency winds reduced vertical mixing and thus re-
sulted in warmer SST and because this effect is especially
strong during the warm months when the surface mixed layer
was shallow. )

From what we have learned about the distribution of high-
frequency winds (Figure 2), we would expect the warming

effect by temporal smoothing to be strong off the equator. The
SST variance shown in Figure 6 is not a good measure of the
average warming effect, which is better evaluated in Figure 7,
where the 9-month mean SST differences from observations
are depicted. In the case with the highest wind resolution the
SST errors were less than 0.5° everywhere. The temporal
smoothing caused a warming throughout the basin, generally
with larger effect in the off-equatorial regions where high-
frequency wind variability is strong. The mean SST was 0.5° to
1° too warm in the cases of monthly averaged winds. The
warming pattern does not completely agree with that of the
filtered high-frequency winds because vertical mixing also de-
pends on other factors such as the mean mixed layer depth and
the temperature gradient below the mixed layer. The spatial
smoothing on scales larger than 5° also had a warming effect
over most of the basin, especially in the ITCZ, but it seemed to
have a cooling tendency in the eastern equatorial Pacific.
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Figure 8. Longitude-time plots of model sea level deviation along the equator for 16 cases with different

wind resolutions.

Figure 8 displays the 9-month evolution of the equatorial sea
level deviations in response to the different wind forcing. In
comparison with Figure 1, it is clear that the dynamical re-
sponse of the equatorial ocean was essentially a series of down-
welling Kelvin waves generated by the westerly wind events.
The magnitude of these waves was modified by the local winds
as they propagated eastward. The spatial and temporal
smoothing of winds on scales of 5° and 5 days or less had little
effects on the sea level response. However, the temporal
smoothing on longer timescales did affect the sea level evolu-
tion considerably. It made the Kelvin waves less intense but the
train of waves persist longer, therefore altering the instanta-
neous sea level fields while retaining the total sea level change.
This explains what we have seen in Figure 5; the total sea level
variance during this period was not affected by the temporal
smoothing of winds. The opposite is true for the spatial wind
smoothing on larger scales, which did not have much effect on

the time history of the Kelvin waves but reduced their average
magnitude and thus the total variance of sea level.

The corresponding evolution of the equatorial SST devia-
tions is shown in Figure 9. Here the propagation of the Kelvin
waves is no longer obvious because SST is strongly affected by
local forcing. For example, the large warming in March and
April in the eastern equatorial Pacific was mainly a result of
the seasonal heat flux increase due to reduced cloud cover.
However, the warming after the seasonal peak, namely, the
onset of the El Nifio, was clearly associated with the sea level
rising (thermocline deepening) caused by the series of down-
welling Kelvin waves from the western and central equatorial
Pacific. Consistent with what we have seen in Figures 6 and 7,
the temporal wind smoothing made SST warmer by reducing
the energy input for vertical mixing. This effect is most pro-
nounced in the eastern equatorial Pacific during the warm
months, though only a relatively small amount of high-
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Figure 9. Same as Figure 8, except for SST.

frequency winds was averaged there. The high sensitivity is due
to the shallow mixed layer and the large temperature gradient
below the mixed layer. The spatial smoothing of winds on
scales above 5° actually made SST cooler in the eastern equa-
torial Pacific, apparently owing to reduced strength of the
downwelling Kelvin waves (see Figure 8).

4., Summary and Discussion

We have simulated the tropical Pacific Ocean variability
during the onset phase of the 1997/1998 El Nifio, with empha-
sis on the influence of the temporal and spatial resolution of
wind forcing. A total of 16 experiments were performed using
the NSCAT wind data smoothed at time intervals from 1 to 30
days and on spatial scales from 1° to 10°. The model simulation
compared favorably with observations when the high-
resolution wind forcing was applied, and it was affected by the
temporal and spatial smoothing of winds in different ways.

A major effect of the temporal wind smoothing is to warm

SST by reducing the vertical turbulent mixing. This effect in-
creases as the temporal resolution of winds decreases and is
generally more important in regions with larger high-frequency
wind activity, except in the eastern equatorial Pacific where
extra sensitivity results from the shallow mixed layer and the
near-surface thermocline. When the daily wind forcing was
replaced by the monthly average, the mean SST increased by
0.5° to 1° over most of the tropical Pacific. Because the distri-
bution of the high-frequency winds is not spatially uniform and
does not coincide with that of the mean winds, it would be
unrealistic to parameterize their effects by setting a constant
lower limit for wind speed or by using a larger drag coefficient
for the mean wind stress.

The temporal smoothing of winds also modifies the dynam-
ical ocean response, but the influence is mostly on the instan-
taneous rather than mean fields. As expected, the intrasea-
sonal variability associated with the equatorial Kelvin waves
was largely reduced by the monthly average of wind forcing.
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For some relatively weak and isolated wind events, such as the
westerly wind bursts in November and December 1996, the
monthly averaging was so severe that the winds were no longer
able to excite energetic Kelvin waves. However, for stronger
and more organized wind events, such as the series of wester-
lies starting in March 1996, the monthly averaging reduced the
amplitude of the Kelvin waves but did not diminish the col-
lected effect of these waves. This probably explains why some
models can successfully predict the 1997/1998 El Nifio by just
using the monthly winds for initialization [e.g., Chen et al., this
issuel].

On the other hand, because of the relatively large spatial
scales of winds, the spatial smoothing was not as effective as
the temporal smoothing in reducin
its tendency to warm SST was generally smaller. Not only that,
the spatial smoothing on scales above 5° actually had a cooling
effect in the eastern equatorial Pacific, which made the onset
of the El Niflo less intense in the model. This effect is caused
by the reduced thermocline deepening resulting from de-
creased downwelling Kelvin waves. Although the spatial
smoothing had little effect on the appearances of these waves,
it did reduce their amplitude. Here an important spatial scale
is the width of the equatorial waveguide in which winds are
most effective in generating the Kelvin waves. The difference
between the spatial and temporal smoothing is that for a wind
event centered near the equator, the former leaks energy out
of the waveguide while the latter keeps it within and redistrib-
utes it over time.

In order to maintain the influence of the intraseasonal
Kelvin waves on the longer-term variabilities such as El Nifio,
it is more important to preserve their collected energy than
their individual characteristics. Therefore, for climate models,
the spatial smoothing of wind forcing on scales larger than the
width of the equatorial waveguide is a more serious limitation
than the temporal smoothing on scales up to 1 month. The
onset of the 1997/1998 El Nifio can be successfully simulated
using the wind forcing averaged to monthly intervals and 2°
squares. It should be pointed out that our intention here is to
find some general guidance to determine the usable resolution
of wind forcing rather than to evaluate the conventional low-
resolution wind products. A more objective way for the latter
is to construct a wind forcing set by subsampling the NSCAT
data at the same time and location as the conventional data
and to compare the model responses to the subsampled and
the full NSCAT wind forcing.
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