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ABSTRACT 

 

 The wind speed and wind stress over the Southern Ocean (SO) is compared from 

the QSCAT, COAPS, ERA-Int, JRA25 and NCEP2. From the results of comparison, 

NCEP2 seems to poorly represent wind speed in the SO. In the summer months, the 

difference of wind speed and wind stress between products is small while the bias during 

winter is larger. Also, the difference increases in the high latitudes, close to the sea-ice 

zone. South of 55˚S, COAPS has weaker correlation of wind stress with reanalysis data. 

The major reasons of differences between products are associated with the impact of sea-

ice and the differences of resolution, assimilation and parameters chosen from models.  

From the validation by ship data, ERA-Int fits the QSCAT and ship wind speed 

best in the SO. The large RMS difference of Ekman pumping between products is 

connected to wind variance, eddy kinetic energy (EKE), especially in the South Atlantic 

Ocean and South Indian Ocean during fall and winter. This implies that the difference 

between products may result in different responses of simulated storm activities. 
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CHAPTER 1 

INTRODUCTION 

 The Southern Ocean (SO) plays an important role in the coupled ocean-atmosphere 

climate system. In the SO, westerly winds drive a strong uninterrupted eastward flow called 

the Antarctic Circumpolar Current (ACC) (Orsi, et al., 1995) which is the largest current on 

the planet. The ACC is a significant link of exchanges in ocean and atmosphere as well as 

redistributing oceanic properties, such as heat, salt, and nutrients (Rintoul et al, 2001). It 

includes three major circumpolar fronts: the Sub-Antarctic Front (SAF), the Antarctic Polar 

Front (PF), and the Southern Antarctic Circumpolar Front (SACCF). The fronts are 

associated with strong currents and strong lateral gradients in temperature and salinity. 

Thus, the sea surface temperature (SST) is distributed from -1˚C to more than 10˚C (Figure 

1) crossing in the ACC. 

 Figure 2 shows that high pressure, greater than 1020mb, is distributed in three 

oceans between 25˚S and 40˚S. South of westerly winds, low pressures, less than 985mb, 

are located in the Ross Sea area and east Atlantic-Indian ocean sector. Moreover, in the SO, 

the annual mean wind stress (Figure 3) shows large values, up to 0.25N/m
2
, between 0˚ and 

120˚E, especially from 40˚S and 55˚S. South of 60˚S is a divergence zone with northward 

transport.  

 Traditional discrete ship-borne point measurements with irregular time and spatial 

intervals are inadequate to meet the observational need to characterize wind fields over the 

vast size of the SO. Hence, many important processes can not be quantitatively studied by 

traditional observations. With the advancement in space-borne remote sensing, it’s now 

possible to resolve wind on scales of 25kmx25km and twice per day from Quik 

Scatterometer, (QSCAT), with improved quantification. There are still large regions of 

missing data from satellite observations, especially in sea ice cover and near the sea-ice 

edges. The lack of continuous data in time and space is a major problem for studies of the 

wind and wind stress field in this area. 
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There are numerous studies about tropical/subtropical cyclones and wind fields. In 

contrast, there are relatively fewer investigations of storms in the SO and Antarctic (AA) 

zone. However, storms in this region are important and dominate time-series of wind. 

Westerly winds generate northward Ekman transport which promotes the oceanic 

exchanges from high latitudes to low latitudes. Near the AA continent, the wind changes to 

easterly. This creates an area of strong divergence which brings denser and nutrient-rich 

deep water to surface. Also, storm motions may intensify localized Ekman upwelling and 

enhance the vertical exchanges of air-sea fluxes, nutrients and dissolved gas. Meanwhile, 

the stronger storms might induce the relatively warmer deeper water to the upper ocean, 

exacerbate the sea-ice and iceberg melting. Trends under climate change can therefore 

accelerate global ocean freshening. Accurate wind and wind stress data are required to 

investigate the wind field in the SO including the sea-ice zone, and, furthermore, to 

estimate wind curl, upwelling and related computations. 

Due to the difficulties of remote sensing measurements in the large sea-ice area of 

the AA zone, the region between the Polar Front and the continent, there are fewer reliable 

observations of wind stress in this region. The purpose of this research is to focus on 

comparison of wind products in the SO, including the sea-ice zone.  

In this study, I use wind and wind stresses based on satellite observations and 

reanalysis data to understand more about ocean forcing by winds in the SO. Previous 

research (Bourassa et al., 2003) shows that QSCAT winds are very accurate especially in 

tropical oceans. Also, QSCAT has better temporal and spatial resolution. Each day, the 

spatial sampling covers ~90% of ice-free oceans. However, there are several constraints of 

the QSCAT measurements, e.g. gaps in low/middle latitudes, overlaps in high latitudes and 

bad data due to heavy rainfall or sea-ice.  

The Center for Ocean-Atmospheric Prediction studies (COAPS) / Florida State 

University (FSU) develops a product of pseudostress by using an objective method to 

minimize a cost function, determine optional weights of cost function, and reduce 

computational time by technique of multigridding. This product is solely based on 
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scatterometer observations and provides global domain (longitude: 0~360˚, latitude: 

85˚S~85˚N) on a regular 1˚x1˚ grid data over water with 6-hourly temporal scale.  This 

product is widely used in the tropical oceans, ENSO research and in comparison with ship 

data (Bourassa et al., 2003 and Smith et al., 2004), but fewer studies have been made for 

high latitudes.  I will use pseudostresses from COAPS/FSU in studying SO areas; however, 

lack of data due to sea-ice cover is still a major problem of this product.  

The simulated winds and wind stresses that I will describe in the next chapter are 

also used in this study since the reanalysis products provide almost frequent, systematic, 

synoptic and co-incident / collocated measurements over the SO and AA zone. With these 

properties, a better estimation of wind curl and Ekman pumping is feasible even in the sea-

ice zone. 

The purposes of this study are (1) to compare wind/wind stress products in the SO; 

(2) to evaluate winds by ship data; (3) to obtain a uniform wind field based as much as 

possible on data over the SO including the sea-ice zone; and (4) to discuss the possible 

storm activities in the SO.  

In chapter 2, an overview of data sets in this study will be given. In chapter 3, a 

comparison of wind speed and wind stress from all datasets will be shown. Then, validation 

by ship data will be described in chapter 4. Chapter 5 will discuss storm motions and 

Ekman pumping. In the last chapter, features and findings will be summarized and possible 

future study is proposed.  
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CHAPTER 2 

REVIEW OF DATA 

Herein, I will introduce the wind speed and wind stress products. This study 

employs five products of wind: QSCAT, COAPS/FSU, the National Center for 

Environmental Prediction (NCEP)-Department of Energy (DOE) Atmospheric Model 

Intercomparison Project 2 reanalysis (hereafter NCEP2, Kanamitsu et al., 2002), Japanese 

25-year Reanalysis (JRA25) and ERA-Interim (denoted ERA-Int) reanalysis from the 

European Centre for Medium-Range Weather Forecasts (ECMWF). 

 

 

2.1 Winds from Satellite Data 

The satellite observation is based on QSCAT (Liu, 2002; Liu and Tang, 1996) 

which was launched in June 1999 and provides wind speed and direction information over 

oceans. It is a polar orbiting satellite with a circular orbit at an altitude of 800km above sea 

level and an 1800km wide measurement swath on the earth’s surface. It results in twice per 

day coverage and 25km by 25km for spatial scale. Winds are measured between 3 and 30 

m/s with accurately to 2 m/s or 10% in speed and 20˚ in direction (Perrie et al., 2007). 

QSCAT provides a cloud-penetrating measurement, but the main limitation of 

scatterometers is rain contamination. For light wind conditions, heavy rain causes an 

overestimation of wind speed. In stronger wind conditions, the increased sea surface 

roughness caused by wind dominates, and rain has less effect on wind estimation. To avoid 

the effect of rain contamination, QSCAT data with a rain-flag will be excluded. 

In addition, there is a high possibility that the satellite measurements can’t cover the 

area of an entire storm. Generally, QSCAT passes a given geographic region every 12 

hours. But the storm moves and evolves over this time. In addition, the satellite passes may 
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miss the center of circulation of a storm. This makes it more difficult to monitor position 

and intensity of storms, due to sampling limitations.  

 

 

2. 2 Pseudostresses from COAPS 

An objective technique is used to create 1˚x1˚ gridded daily pseudostress field 

which are based on only scatterometer winds (NSCAT and QSCAT) by COAPS/FSU 

(Pegion et al., 2000). The wind stress can be approximated by a bulk aerodynamic approach, 

which defines the zonal ( xτ ) and meridional ( yτ ) components of the wind stress as 

xDx C ψρτ =  and yDy C ψρτ = . The zonal ( xψ ) and meridional ( yψ ) components of the 

pseudostress are defined as uwx =ψ  and vwy =ψ , where u  and v  are the zonal and 

meridional components of the wind velocity, and w  is the wind speed. The density of air is 

ρ . In this study, ρ  is a constant, 1.125kg/m
3
, and DC  is the drag coefficient.  

 

 

2. 3 NCEP2 Data 

In 1995, the NCEP/NCAR global reanalysis (hereafter, NCEP1) was released. After 

that, NCEP2 became available after 2002. Since NCEP2 fixed errors and updated 

parameterizations of physical processes, NCEP2 is an improved version of NCEP1 model. I 

choose the NCEP2 data sets which include 10-m winds and the momentum fluxes in the 

zonal and meridional direction. The resolution is 6-hourly and 1.875˚ longitude by ~1.9˚ 

latitude (approximately 210km). NCEP2 provides data over land, ocean as well as ice. 

Hence, NCEP2 data over land has been masked. 
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2.4 JMA Data 

 JRA25 (Onogi et al., 2007) is a long-term global atmospheric reanalysis produced 

using data assimilation (3D-Var). Data includes various sources such as ECMWF, 

NCEP/NCAR, the National Climate Data Center (NCDC) and the latest assimilation system 

of Japan Meteorological Agency (JMA). Wind vector and wind stress product from JMA 

includes scaterrometer observations. It provides 6-hourly and monthly data. The spatial 

scale is 1.25˚x1.25˚. Here, zonal and meridional 10-m winds and momentum fluxes are 

used.  

 

 

2.5 ERA-Int Data 

The ERA-Interim (ECMWF Newsletter No 110 and No 115) by ECMWF is the 3
rd

 

generation reanalysis which benefits from the analysis and models since ERA-40, 

especially in the assimilation of satellite radiances. ERA-Int is a 4-dimensional variation 

assimilation (4D-Var) instead of 3D-Var for ERA-40 (ECMWF Newsletter No 101), as 

well as increase horizontal resolution to T255 (80km, about 0.703125°) instead of T159 

(1.125°) for ERA-40. Also, ERA-Int improves quality control, drawing from experience 

from ERA-40 and JRA25, variational bias correction of satellite data, and more extensive 

use of radiance. The temporal resolution is 12 hours with 3-hour step. In this study, 10-m 

winds and the accumulated momentum fluxes on the east-west component and north-south 

component are used. The wind stress data that ECMWF provides is accumulated in time 

(unit: [ s
m

N ⋅2 ]). Hence, to obtain the average wind stress between two time steps, we 

have to take the difference and divide by time difference in seconds.  
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CHAPTER 3 

COMPARISON OF WIND SPEED AND WIND STRESS 

 In this chapter, I will show the comparison of wind speed and wind stress from 

different products. 

 

 

3.1 Comparison of Scatterometer Winds with Simulated Wind Products 

The SO is characterized by strong, persistent winds, rich storm activities, and 

extensive sea-ice formed around the Antarctic coastline. Generally, the wind speed in the 

SO is stronger than global and tropical winds (Figure 4). About 10% of daily-mean wind is 

larger than 15m/s in the SO. To compare with tropics, only 2% of the winds exceed 15m/s. 

The histogram of scatterometer and simulated winds indicate that COAPS, ERA-Int and 

JRA25 winds between 1~15m/s fit QSCAT well. NCEP2 is strikingly different. Satellite 

observations capture the highest speeds and generally more high wind when wind speed is 

larger than 15m/s (Figure 5). In comparison of histogram of wind speeds from five products, 

it shows that scatterometer winds and, except for NCEP2, simulated winds have a good 

agreement.  

For temporal variation, I take monthly average (Figure 6) and seasonal bias (Figure 

7) on wind speed in 2002. NCEP2 simulated more high winds and had around 0.8m/s bias 

compared to QSCAT. The other three wind products: ERA-Int, JRA25 and COAPS show 

small bias, ~0.25m/s, with QSCAT. However, in the fall and winter, the bias increases. It 

indicates that the lower resolution from models has a large bias in the winter in comparison 

to satellite measurements. The wind speed variation with latitude (Figure 8) shows that 

NCEP2 simulation has large differences with scatterometer observation. From this 

comparison, NCEP2 seems to represent poorly the wind speed in the SO. COAPS, JRA25 

and ERA-Int agree well, especially between 40°S~60°S. South of 65°S, the difference 

between QSCAT and other products increases. This is expected because of sea-ice and 
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strong cyclones. Also, there are more storm activities in the sea-ice zone in the Ross Sea, 

South Atlantic and South Indian Ocean sectors. These cause the large bias in this area. 

Figure 8 also shows that, in the winter, COAPS and simulated wind capture weaker winds 

than satellite observation. The major reason should be due to the differences of resolution. 

The resolution of QSCAT is about 25km which is much better than simulated winds and 

COAPS objective winds. The reanalysis data underestimate wind speed and possible storm 

activities.  

 

 

3.2 Comparison of COAPS with Two Reanalysis Data 

In this section, in order to test the difference of outside-of-sea-ice / near-sea-ice / 

inside-of-sea-ice area, we divide latitude from 40°S to 70°S into three regions. Assume (1) 

40°S~50°S as “outside of sea ice area”, (2) 50°S~60°S as “near the sea ice edge”, and (3) 

60°S~70°S as “inside of sea ice area.” Two cases are shown in this section. The domains 

are different in case 1 (longitude: 220°E~280°E) and case 2 (longitude: 0°~360°) which is 

shown in Figure 9. 

Table 1 lists the statistical results of RMS, correlation coefficient and linear 

approximation between COAPS wind stress and reanalysis data (NCEP2 and JRA25). It 

shows that JRA25 and COAPS wind stress has better RMS and correlation coefficient. The 

averaged RMS of JRA25 (0.08 N/m
2
) is only 68% of the averaged RMS of NCEP2 (0.12 

N/m
2
). The correlation coefficients of JRA25 are also higher than that of NCEP2. This 

result is not surprising. Since JRA25 includes some scatterometer data that COAPS has, we 

expect a better correlation between COAPS and JRA25 data.  

 However, from these statistical plots (Figure 11), there are still some data which 

appears to be an outlier in comparison with Figure 10. Since both redundant areas are not 

affected by land, the major reason might be sea-ice effect or due to differences of 

smoothing scale. Both zonal and meridional wind stress show some large COAPS wind 
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stress, but the values of JRA25 are still distributed within ±0.5N/m
2
. From the comparison, 

we see that the correlation decreases in high latitudes. 

 

 

3.3 Correlation between COAPS and Two Reanalysis 

Consider the wind stress in 51°S~55°S by comparing two reanalysis (JRA25 and 

NCEP2) with scatterometer based (COAPS). The RMS difference for JRA25 and COAPS 

(Figure 12) is only 0.0891 which is much lower than NCEP2 (RMS=0.143). Also, the 

variance of JRA25 is 66% which can explain the variance of COAPS more than NCEP2 

(with 55% variance). The angles of slopes are 49° and 43.3° respectively for NCEP2 and 

JRA25. NCEP2 seems to overestimate wind stresses by 9% in comparison of COAPS. And 

JRA25 shows 3.7% smaller than COAPS wind stresses. 

 

 

3.4 Spatial Bias between COAPS and JRA25 

In the following, eight year (2000-2007) wind stress data are used. The annual 

correlation from COAPS and JRA25 indicates that south of 55°S, the correlation is 

decreases (Figure 13). A major reason is likely to be related to the product resolution. 

JRA25 uses data with every 7.5° and smoothes to 1.125°; COAPS uses data every 2° and 

smoothes to 1°. The resulting bias increases especially when forecasting cyclone motions. 

The yearly average Ekman pumping (Figure 14a and Figure 14b) shows that 55°S appears 

to be a divide of upwelling and downwelling. North of 55°S is a prevailing agreement 

between both products. South of 55°S, JRA25 shows upwelling in whole area except the 

coast (Figure 14a), but COAPS shows some downwelling in this area (fig 14b). The 

correlation in January is better than that in July (Figure 15). In January, COAPS wind stress 

is much stronger than JRA25 (about 1.0-1.3 times) except close to continents (Figure 16a). 

However, in July, COAPS wind stress is weaker than JRA25, especially south of 55°S 

(Figure 16b). 
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Closer to the sea-ice edge, there is a larger difference between COAPS and JRA25. 

Thus, it is likely that sea-ice contamination influences scatterometer observations. The 

feed-in data in the SO is sparser than tropical regions for simulated wind stress. Also, the 

resolution of JRA25 is lower than COAPS. All of these reasons increase the differences 

between products. Therefore, we need to validate each product by using ship data which is 

described in the next chapter. 
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CHAPTER 4 

VALIDATION OF WIND SPEEDS BY SHIP DATA 

 

This chapter describes the comparison of ship, scatterometer and simulated wind 

speed data in the SO including near the sea-ice edge. From the comparison, I hope to use 

ship data to study whether scatterometer and simulated wind products overestimate or 

underestimate wind speeds or not. Then, wind products in the open ocean and near the sea-

ice zone will be discussed. 

 

 

4.1 Data and Quality Control 

The wind data and other surface meteorological parameters from the International 

Comprehensive Ocean-Atmosphere Data Set (ICOADS) are described in an International 

Maritime Meteorological Archive (IMMA) format (Woodruff, 2007). These historical data 

contain global measurements from ships and buoys. In this study, data is only chosen from 

ship or Ocean Station Vessel (OSV). Here, I use data which is covering the time period in 

January 2002 to December 2002 for the area, south of 40
o
S (Figure 17). 

Before discussing the results of wind speeds between ship measurements and their 

products, the quality control of datasets will be described. According to Bourassa et al 

(2003), wind speeds of the inner swath and outer swath of QSCAT suffer great 

uncertainties. Hence, in this study, only middle swaths (cells 9-30 and 49-68) of QSCAT 

winds are used. Moreover, in order to exclude rain influences, QSCAT data with rain-flags 

are removed.  

Kent et al (1998) discussed the Root-Mean-Square (RMS) of time difference and 

distance for quality control between the paired wind speeds of ship and satellite points. 

They concluded that the ship and scatterometer (ERS-1) wind speed pairs were well 

correlated when distance is less than 120km and time difference is less than 6 hours. Thus, 

the wind speed pairs between ship and QSCAT will be excluded when time difference is 
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larger than 6 hours. The quality control of distance of wind speed pairs between QSCAT 

and ship will be shown in the next section.  

Winds from COAPS, JRA25 and NCEP2 are with 6-hour time scale, so we can keep 

time differences less than 3 hours on every pair. The ERA-Int generates wind data with a 3 

hours time step. Thus, the time differences between ERA-Int and ship wind pairs will not 

exceed 1.5 hours. The spatial differences are less than half of 1
o
, 1.125

o
, 1.5

o
 and 1.9

 o
, 

respectively, for COAPS, JRA25, ERA-Int and NCEP2. 

 The method of wind pairs is to adopt a point-by-point comparison of nearly 

coincident wind speed pairs. Thus, when I compare ship data to scatterometer and 

simulated winds, the nearest time and location will be chosen.  

First, all wind data from ship in the SO will be used to compare with scatterometer and 

simulated winds. Then, I use ship callsigns to extract wind data based on the same ship. 

That is because every ship may have different equipment configuration which increases 

bias when combining all wind data from different ships.  

 

 

4.2 Comparison of Distances between QSCAT and Ship Wind Speed 

Three distance conditions: 0.125
o
 (~13.75km), 0.5

 o
 (~55km) and 1

o
 (~110km) are 

compared between ship and QSCAT swath wind speed pairs. Figure 18 shows that 

distances of pairs which are less than 0.125
o
 and 0.5

o
 have similar results of regression, 

correlation and RMS. These two Figures use wind speed data from all ships in year 2002. 

There 3259 observations for distance less than 0.125
o
 ( ox 5.0≤∆ ) and 823 observations for 

o
x 125.0≤∆ .  

Next, I compared o
x 5.0≤∆  (Figure 20) and o

x 1≤∆  (Figure 19) by callsign ID, ZSAF, 

in the South Atlantic Ocean and found that the statistical result for ox 5.0≤∆  is better than 

ox 1≤∆ , especially on scatterometer data (QSCAT and COAPS) and ERA-Int. Thus, in this 

study, I used ox 5.0≤∆  on wind speed pairs for validation. 
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4.3 Comparison Wind Speed along one Ship Callsign 

In the South Indian Ocean, I pick two ships (ID: JDSS and VNAA) in January 2002 to 

evaluate wind speeds from five products (Figure 21 and Figure 22). Here, the measuring 

height from ships is unknown. But we can suppose that it is higher than 10-meter which 

means the measuring wind speed from ships will be stronger than 10-meter wind. This 

explains the figure’s slope of regression. The correlation coefficient of QSCAT and ERA-

Int with ship data are around 0.9. However, correlation coefficients of NCEP2 and ship data 

is about 10-20% lower than that of ERA-Int or QSCAT with ship data. In addition, the 

RMS between NCEP2 and ship is about 1m/s larger than QSCAT and ERA-Int. In 

comparison of slopes, QSCAT’s slope looks like larger than COAPS, JRA25 and NCEP2, 

but not for ERA-Int. It implies that COAPS and JRA25 may underestimate the wind speed, 

but not for ERA-Int. In comparison of standard deviation of slope and Y-intercept, the 

scatterometer winds show relative smaller values.  

In addition, I picked an area which is in the Antarctic Peninsula and time coverage 

during January 2002 based on one ship (callsign ID: DBLK). From the results, it shows that 

ERA-int winds also perform well near the coast and sea-ice edge (Figure 23).  

 

 

4.4 Discussion of Validation by Ship Wind Speed 

From the above comparison, we can see that both scatterometer and simulated wind 

speed are much weaker than observations from ship. The reason should be because the 

measuring height from ship is higher than 10-meter, so that wind speed from ship 

measurements is stronger. In order to fix this problem, one picks a ship where the sensor’s 

height is known so that the correction between ship height and 10-meter winds can be 

processed. This should be able to improve the accuracy of the comparison. 

In addition, since QSCAT wind under 20m/s is very good quality, the statistical 

analysis of wind speed under 20m/s between QSCAT and other products may be examined. 

COAPS and simulated winds all seem to slightly underestimate the wind speed based on 
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slope (Figure 24). The differences of RMS with QSCAT are NCEP2, JRA25, COAPS and 

ERA-Int in order. The R-square value of ERA-Int and QSCAT is highest in comparison 

with other wind speed products. It indicates the ERA-Int can explain the most variance of 

QSCAT. 
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CHAPTER 5 

EKMAN PUMPING AND EDDY KINETIC ENERGY IN THE SO 

 

From the previous chapter, we found that ERA-Int wind speed simulated well with 

ship data and QSCAT. In this chapter, I will show the comparison of seasonal wind curl 

and Ekman pumping. Also, the RMS of Ekman pumping will be presented. Then, the storm 

activities (approximated by Eddy Kinetic Energy, '''' vvuuEKE += ) will be discussed. In 

addition, by using the optimal wind product in the SO, estimations of Ekman pumping will 

be shown. 

 

 

5.1 Comparison of Wind Curl and Ekman Pumping 

Seasonal wind curl and Ekman Pumping with latitude by four kinds of datasets are 

shown (Figure 25 and Figure 26). For downwelling (around 40°S-52°S), all products show 

similar results. But, seasonal bias increases for upwelling conditions (55°S-68°S). Here, 

due to lack of data over sea-ice, COAPS doesn’t agree well with other three simulated wind 

curl. We can ignore this difference of COAPS in the sea-ice zone. Between 55°S and 65°S, 

ERA-Int shows stronger upwelling than JRA25. But, south of 65°S, upwelling of ERA-Int 

is weaker. 

Let’s take yearly RMS of Ekman pumping (Figure 27). In the South Atlantic Ocean 

and South Indian Ocean, there is larger RMS (~4x10
-6

 m/s) compared with South Pacific 

Ocean (~2x10
-6

 m/s). The RMS analysis indicates that JRA25 and COAPS has smaller 

variation of Ekman pumping (less than 2x10
-6

 m/s). This implies that JRA25 and COAPS 

may have similar results for Ekman pumping in the SO. The RMS of JRA25 and ERA-Int 

is smaller than COAPS and ERA-Int. But, three simulated wind curl (ERA-Int, JRA25 and 

NCEP2) all have a large bias near the coast. In the ocean, the bias for daily RMS of Ekman 

pumping is approximated to 10~30 cm/day between ERA-Int and other products. From the 
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seasonal averaged Ekman pumping (Figure 28), the values are around ±5x10
-6

 m/s (about 

50cm/day). Hence, RMS difference between ERA-Int and other products is not small.  

 

 

5.2 Seasonal Eddy Kinetic Energy and Storm Activities 

I use daily wind to compute seasonal EKE. It indicates that most storm activities 

happen in the winter and fall, especially in the South Pacific Ocean ( around 180°W, 

60°S~70°S in the fall and 170°W, 40°S~60°S in the winter), South Atlantic Ocean (around 

30°W-30°E, 40°S-60°S), and South Indian Ocean (70°E-100°E, 45°S-60°S in the winter 

and around 90°E, 40°S-50°S in the fall) from daily QSCAT EKE (Figure 29).  

However, daily EKE from ERA-Int shows significantly weaker compared with daily 

QSCAT EKE. Since storm activities may be missed due to an underestimation of simulated 

EKE from daily ERA-Int (Figure 30), I replace the daily wind data with 6-hourly winds 

from ERA-Int and re-compute the seasonal EKE. Then, it can simulate the storm track 

intensity much better (Figure 31). Therefore, 6-hourly or better scale wind data is needed to 

compute EKE and study storm activities.  

An example of EKE from QS and ERA-Int in the north of Ross Sea area 

(150°W~180°W/41°S~55°S) shows that both datasets have a good agreement with EKE for 

the times series curve during 2002 (Figure 32). Generally, stronger EKE indicates storm 

activities which can induce stronger Ekman pumping. 
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CHAPTER 6 

CONCLUSIONS 

 

6.1 Summary 

In this study, wind speed and wind stress over the SO is compared using 

scatterometer data and reanalysis products. NCEP2 wind speed shows larger bias than other 

wind speed products. The averaged bias of wind speed between NCEP2 and QSCAT is 

0.88m/s. JRA25-QSCAT yearly bias is about 0.28m/s and 0.09m/s during summer. In the 

summer months, the reanalyses show a better agreement of wind speed with QSCAT. The 

reason is thought to be because there are more data in the summer months.  

The bias of wind speed in winter between QSCAT and other products is larger than 

other seasons (Figure 8). From the comparison, QSCAT has stronger wind speed than other 

products, especially during fall and winter. The differences of wind speed between QSCAT 

and other products are notable, especially in the winter months. If the reanalysis products 

underestimate wind speeds, storm activity is not well simulated.  

As latitude increases, there are larger differences of wind stress between COAPS 

and two reanalyses (JRA25 and NCEP2) especially in the 60°S-70°S. The correlation of 

wind stress from COAPS and JRA25 shows a weaker correlation in the south of 55°S. The 

major reasons are impacts of scatterometer measurements in the sea-ice zone and difference 

of resolution.  

We use ship data to validate wind speed. Without correcting ship wind speed to 10-

meter height, ship wind is typically stronger. From statistical analysis by standard deviation, 

correlation, variance and RMS, ERA-Int shows better relation with QSCAT and ship data. 

Thus, I conclude that wind speed of ERA-Int fits scatterometer winds and ship winds best 

in the SO. In addition, COAPS wind shows small RMS, standard deviation with ship data 

and QSCAT wind. It is not surprising since COAPS has sources from scatterometer wind. 

However, the slope of regression for COAPS is slightly small compared to ship and 
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QSCAT wind speed. JRA25 also presents similar results to COAPS. The variance of 

JRA25 is slightly lower than ERA-Int, but much higher than NCEP2. ERA-Int has similar 

data sources with JRA25 and quality control of data drawing on experience from ERA-40 

and JRA25. Thus, ERA-Int and JRA25 ought to show similar responses in the SO. 

The wind speed pairs and wind stress analysis indicates the remarkable differences 

between products. This must be caused by the different assimilation methods and various 

parameters chosen in the models.  

The seasonal wind curl with latitudes shows larger bias in the divergent region 

(55°S-68°S) in four seasons over the SO (Figure 25). This responds to wind stress 

comparison between COAPS and reanalysis datasets which also shows larger variation in 

the south of 55°S. Between the regions of 55°S-68°S, there are stronger upwelling motions 

and larger changes between products, especially during winter and fall. Moreover, every 

product points out the maximum upwelling with longitude-averaged on the different 

latitude (Figure 26). For example, there is about 1.43° different in latitude between JRA25 

and ERA-Int. 

The seasonal EKE indicates stronger storms in the winter and fall over the SO from 

daily QSCAT and 6-hourly ERA-Int data. The location of stronger seasonal EKE also 

responds to the area of the large RMS differences on the Ekman pumping between products 

(Figure 31 and Figure 33), especially in the South Atlantic Ocean and South Indian Ocean. 

This implies that the major difference of EKE (proportion to the product of wind vector 

perturbation) and RMS of Ekman pumping (related to wind stress curl) is the response of 

storm activities between products in the SO. The approximated RMS difference of Ekman 

pumping is around ( )smO /10 6− . For cyclone-induced upwelling, this difference can result 

in biases of simulated storm activities. Thus, choosing an accurate wind product which 

includes higher resolution in time and space, reasonable parameters and assimilation is 

important to study the SO. 
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6.2 Future Study 

The validation of wind speed has been done by ship data. We can see how 

scatterometer and simulated data fits well or not with ship wind from the statistical results. 

Most of ship winds are stronger than winds from other products, but we have not corrected 

the winds to 10m. 

The large bias of wind speed in the winter months between QSCAT and other datasets 

has been shown. Most validation of wind speed in this study is using data from January of 

2002 or the entire year of 2002. In order to see if QSCAT wind speed during winter is 

overestimated or not, data validation in the winter months with ship measurements is 

needed.  
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TABLE 1: STATISTICAL RESULTS OF WIND STRESS 

 

Zonal wind stress (TAU-X) 

RMS 
Correlation 

Coefficient 
Slope* Intercept 

 

NCEP2 JRA25 NCEP2 JRA25 NCEP2 JRA25 NCEP2 JRA25

Case 1 0.0855 0.0564 0.8631 0.9067 1.1846 1.0602 0.016 0.0070Outside of sea ice 

(40°S~50°S) Case 2 0.1375 0.0613 0.8468 0.8537 1.1386 1.0458 0.0232 -0.0089

Case 1 0.1155 0.0818 0.7975 0.8432 0.9992 0.8819 0.0452 0.0279Near sea ice 

(50°S~60°S) Case 2 0.1387 0.0732 0.78 0.8249 1.007 1.0567 0.0467 -0.004 

Case 1 0.1135 0.0979 0.7403 0.7641 0.7864 0.8819 0.0328 0.0273Inside of sea ice 

(60°S~70°S) Case 2 0.1648 0.0841 0.7264 0.7303 0.8173 0.7433 0.0258 -0.0128

Meridional wind stress (TAU-Y) 

RMS 
Correlation 

Coefficient 
Slope* Intercept 

 

NCEP2 JRA25 NCEP2 JRA25 NCEP2 JRA25 NCEP2 JRA25

Case 1 0.0687 0.0547 0.8483 0.8801 1.1723 1.0897 -0.054 -0.0071Outside of sea ice 

(40°S~50°S) Case 2 0.081 0.0654 0.8348 0.8827 1.1428 0.9989 -0.0055 0.0136

Case 1 0.0894 0.0746 0.8198 0.8464 1.0347 0.9516 -0.0022 -0.0064Near sea ice 

(50°S~60°S) Case 2 0.0889 0.0889 0.8044 0.8178 1.0567 0.8763 -0.004 0.0364

Case 1 0.0951 0.0861 0.7492 0.767 0.8392 0.7982 -0.0025 -0.0078Inside of sea ice 

(60°S~70°S) Case 2 0.1056 0.108 0.7187 0.7369 0.7989 0.6976 -0.0052 0.0396

Wind stress (TAU) 

RMS 
Correlation 

Coefficient 
Slope* Intercept 

 

NCEP2 JRA25 NCEP2 JRA25 NCEP2 JRA25 NCEP2 JRA25

Case 1 0.0937 0.0627 0.8088 0.8563 1.2224 1.0718 0.0107 0.0113Outside of sea ice 

(40°S~50°S) Case 2 0.1505 0.0722 0.7988 0.8365 1.1405 0.9872 0.0294 0.0276

Case 1 0.1278 0.0838 0.7118 0.8052 0.898 0.8634 0.0742 0.0501Near sea ice 

(50°S~60°S) Case 2 0.1506 0.093 0.709 0.773 0.9227 0.8433 0.076 0.0607

Case 1 0.1314 0.0999 0.6186 0.7079 0.6135 0.6738 0.0869 0.0691Inside of sea ice 

(60°S~70°S) Case 2 0.1837 0.1057 0.5782 0.6541 0.5917 0.6307 0.0901 0.0741

* In this test, let COAPS/FSU data be x-axis, and reanalysis data be y-axis. So the slope is the ratio of 

(Reanalysis/COAPS_data). 
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Figure1: Mean SST during 2003-2007, (upper) Annual mean; (middle) summer; (bottom) 

winter. 
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Figure 2: Mean surface pressure during 2000-2007, (upper) Annual mean; (middle) January; 

(bottom) July. 
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Figure 3: Mean wind stress during 2000-2007, (upper) Annual mean; (middle) January; 

(bottom) July. 
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Figure 4: Wind speed histogram from the global, tropics and SO 

 

 
Figure 5: Wind speed histogram in the SO from five datasets 
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Figure 6: Monthly averaged wind speed 

 

 
Figure 7: Seasonal bias of wind speed 
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Figure 8: Seasonal wind speed with latitudes 
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Figure 9: Domain of case 1 (left) and case 2 (right). Green region: “outside of sea ice 

(40°S~50°S)”. Yellow region: “near the sea ice edge (50°S~60°S).” Red region: 

“inside of sea ice zone (60°S~70°S).” 

 

 
Figure 10: The relation between COAPS and JRA25 on case 1, outside of sea ice area 

(green region in figure 9-left). (Left) zonal wind stress, (right) meridional wind 

stress. 

 

 
Figure 11: The relation between COAPS and JRA25 on case 1, inside of sea ice area (red 

region in figure 9-left). (Left) zonal wind stress, (right) meridional wind stress. 
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Figure 12: Regression analysis of wind stress  
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Figure 13: Correlation of wind stress from COAPS and JRA25 

 

 

 
Figure 14: Yearly Ekman pumping in the SO from (a: upper) JRA25 and (b: bottom) 

COAPS 
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Figure 15: Correlation of zonal wind stress in (upper) January and (bottom) July 
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Figure 16: Slope (
25−JRA

COAPS
) of zonal wind stress in (upper) January and (bottom) July
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Figure 17: Ship trajectory in 2002 

 

 

   
Figure 18a (left): Wind speed of QSCAT and ship data with o

x 5.0≤∆ . 

Figure 18b (right): Wind speed of QSCAT and ship data with ox 125.0≤∆ . 
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Figure 19a: Ship trajectory of shipID: ZSAF for ox 1≤∆  

 

 

 
Figure 19b-d: Comparison of (b: left) QSCAT, (c: middle) COAPS and (d: right) ERA-Int 

wind speed with ship data for ox 1≤∆  and shipID: ZSAF 

 

 

 
Figure 20a-c: Ccomparison of (a: left) QSCAT, (b: middle) COAPS and (c: right) ERA-Int 

wind speed with ship data for o
x 5.0≤∆  and shipID: ZSAF 
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Figure 21: Comparison of wind speed with ship data for shipID: JDSS 
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Figure 22: Comparison of wind speed with ship data for shipID: VNAA 

 

 

                
Figure 23: Wind speed of ERA-Int and ship data for shipID: DBLK 
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Figure 24: Comparison of wind speed (under 20m/s) with QSCAT in 2002 
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Figure 25: Seasonal wind curl with latitudes 

 
Figure 26: Seasonal Ekman pumping with latitudes 
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Figure 27: Yearly RMS of Ekman pumping in 2002 

 
Figure 28: Seasonal Ekman pumping in 2002 
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Figure 29: Seasonal EKE from daily QSCAT in 2002 
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Figure 30: Seasonal EKE from daily ERA-Int in 2002 

 
Figure 31: Seasonal EKE from 6-hourly ERA-Int in 2002 
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Figure 32a (upper): Comparison of EKE between 3-hourly ERA-Int and daily QSCAT in 

2002 

Figure 32b (bottom): Ekman pumping simulation from ERA-Int in 2002 
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Figure 33: Seasonal RMS of Ekman pumping between JRA25 and ERA-Int in 2002 
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