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ABSTRACT 

Satellite observations have revealed a small-scale (< 1000 km) air–sea coupling in 

regions of strong sea surface temperature (SST) gradients (e.g., fronts, currents, eddies, and 

tropical instability waves), where the surface wind and wind stress are modified.  Surface winds 

and wind stresses are persistently higher over the warm side of the SST front compared to the 

cool side, causing perturbations in the dynamically and thermodynamically curl and divergence 

fields.   Capturing this small-scale SST–wind variability is important because it can significantly 

impact both local and remote (i.e., large scale) oceanic and atmospheric processes.  The SST–

wind relationship is not well represented in numerical weather prediction (NWP) and climate 

models, and the relative importance of the physical processes that are proposed to be responsible 

for this relationship is actively and vehemently debated.  This study focuses on the physical 

mechanisms that are primarily responsible for the SST-induced changes in surface wind and 

wind stress, and on the physical implication on ocean forcing through Ekman pumping.   

The roles that SST-induced atmospheric baroclinicity and boundary-layer stability play in 

modifying the surface vector wind in regions of strong SST gradients are examined with an 

idealized model.  Modeled changes in surface wind speed due to changes in atmospheric 

boundary-layer stability and baroclinicity are largely between -2.0 and 2.0 m s
-1

, which is 

consistent with past observational findings.  The baroclinic-related changes in the surface vector 

wind are found to have a largely linear dependence on the SST gradient, whereas the stability-

related changes are highly non-linear.  The linearity of the baroclinic impacts matches that of the 

observed (satellite and in situ) SST–wind relationship.  This result suggests that the baroclinic-

related mechanism is the leading factor in driving the observed surface wind response to strong 

open ocean SST fronts on scales greater than 25 km.  

 This study shows that the baroclinic-related changes in Ekman pumping are significant 

(first-order) over a seasonal (2003 winter season) time scale and that the small-scale impacts are 

quite important over larger spatial scales.  These findings highlight the need to consider the 

small-scale SST–wind relationship even in coarser resolution model simulation, for which it may 

be feasible to parameterize because of the linear nature of the baroclinic-related effects.
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CHAPTER ONE 

INTRODUCTION 

The oceans, which cover roughly 70% of the Earth’s surface, are an integral component 

of the coupled climate system.  Knowledge of the processes (on a multitude of space and time 

scales) by which energy, moisture, momentum, and matter are transferred across the 

atmosphere–ocean interface is vital to understanding climate variability as well as shorter scale 

processes.  Prior to satellite derived winds, observational studies of oceanic surface wind 

variability were limited by the spatial and temporal coverage of in situ platforms (e.g., ships and 

buoys).  Spatially, in situ networks largely restricted analyses to either large-scale (10
3
 km or 

greater) or small-scale (less than 1 km) motions, leaving a large portion of the spectrum 

unresolved (Freilich and Chelton 1986).  Satellite observations, particularly from the SeaWinds 

scatterometer on QuikSCAT (hereafter referred to as QuikSCAT), have provided a wealth of 

information on the oceanic surface wind variability at the intermediate scales (i.e., meso to 

synoptic scales), permitting a more comprehensive study of air–sea interaction processes. 

This study focuses on a vehemently debated air–sea coupling that is observed in regions 

of strong open ocean sea surface temperature (SST) fronts (e.g., oceanic currents, eddies, and 

tropical instability waves [TIWs]), where the surface wind and wind stress are modified by the 

underlying SST.  On spatial scales smaller than 1000 km, throughout the global ocean, satellite 

and in situ measurements show that the surface wind speed and wind stress are persistently 

stronger over the warmer side of SST fronts compared to the cooler side (e.g., Sweet et al. 1981; 

Hayes et al. 1989; Liu et al. 2000; Chelton et al. 2001, 2004, 2007; O’Neill et al. 2003, 2005, 

2010a, 2010b, 2012; Chelton 2005; Tokinaga et al. 2005; Maloney and Chelton 2006; Park et al. 

2006; O’Neill 2012).  Observationally, this SST–wind relationship is evinced by differences in 

sea state and vertical profiles of temperature and humidity across SST fronts (e.g., Sweet et al. 

1981; Hashizume et al. 2002; Tokinaga et al. 2009), and in the dynamically and 

thermodynamically important surface wind stress divergence and curl fields (e.g., Chelton et al. 

2001, 2004, 2007; O’Neill et al. 2003, 2005, 2010a; Chelton 2005; Maloney and Chelton 2006; 

Park et al. 2006). 
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The physical mechanism that is primarily responsible for the SST-induced changes in 

surface wind and wind stress is actively debated (see review by Small et al. 2008).  This study 

examines the roles that SST-induced atmospheric boundary-layer stability and baroclinicity play 

in modifying the surface vector wind.  These two factors (stability and baroclinicity) have been 

found in previous studies (Small et al. 2008 and references therein) to be fundamentally 

important in driving the atmospheric response to the underlying SST gradient. 

The SST-induced stability and baroclinic-related impacts on the 10-m vector wind are 

individually quantified using the University of Washington Planetary Boundary Layer (UWPBL) 

model (Chapter 2).  The baroclinic-related changes in the surface vector wind are found to have 

an approximately linear dependence on the SST gradient, which is in agreement with the 

observed SST–wind relationship (e.g., Chelton et al. 2001, 2004, 2007; O’Neill et al. 2003, 2005, 

2010a, 2010b, 2012; Chelton 2005; Maloney and Chelton 2006; O’Neill 2012).  The modeled 

stability-related dependence is inconsistent with these observations.  This result suggests that the 

baroclinic-related mechanism is the leading factor in driving the observed surface wind response 

to strong open ocean SST fronts for the spatial scales that are examined (≥ 0.25° latitude).  

The influences of strong SST fronts can extend beyond the local marine atmospheric 

boundary layer (MABL), extending deeply into the free troposphere and potentially providing a 

pathway by which local oceanic changes can alter downstream weather patterns (e.g., Song et al. 

2006; Liu et al. 2007; Minobe et al. 2008, 2010; Tokinaga et al. 2009; Kuwano-Yosida et al. 

2010).  In addition, the SST-induced changes in wind stress curl can also have local and remote 

oceanic implications, affecting both coastal regions through the modification of nearshore 

currents, upwelling, Ekman pumping, temperature stratification, and eddies (e.g., Chelton et al. 

2007; Haack et al. 2008; Jin et al. 2009), and the large-scale (i.e., basin scale) ocean circulation 

(Hogg et al. 2009).  Although this small-scale SST–wind relationship is well observed, the 

strength of the SST–wind coupling is underestimated in numerical weather prediction (NWP) 

and climate models compared to satellite observations (Brown et al. 2005, 2006; Chelton 2005; 

Maloney and Chelton 2006; Song et al. 2009).  The baroclinic-induced changes in surface winds 

are calculated and seasonal Ekman pumping is band-pass filtered to demonstrate the importance 

of SST-induced perturbations of winds on smaller (1 to 6°) spatial scales (Chapter 3).  Small 

spatial scales are shown to be important in seasonal averaging, indicating the importance of 

resolving the small-scale SST–wind variability or parameterizing these processes. 
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CHAPTER TWO 

SST–WIND RELATIONSHIP 

2.1 Background  

Much work has been dedicated to understanding the mechanism that fundamentally 

drives the surface wind and wind stress response to SST in regions of strong SST fronts.  Past 

studies have promulgated several hypotheses that give credence to the following mechanisms: a 

stability-dependent adjustment of turbulent mixing of momentum from the free atmosphere to 

the surface (e.g., Sweet et al. 1981; Hayes et al. 1989; Wallace et al. 1989; Wai and Stage 1989; 

Liu et al. 2000; Hashizume et al. 2001, 2002; Tokinaga et al. 2005, Spall 2007), a generation of 

hydrostatic sea level pressure (SLP) gradients through changes in atmospheric baroclinicity 

across the SST front (e.g., Lindzen and Nigam 1987; Wai and Stage 1989; Hashizume et al. 

2001; Small et al. 2003, 2005; Song et al. 2006; Spall 2007; O’Neill et al. 2010b), and a rapid 

change in turbulent mixing that results in an unbalanced Coriolis force in the vicinity of the SST 

front (Spall 2007).   

For the downward turbulent mixing of momentum, the modification of the surface wind 

and wind stress is attributed (see references above) to SST-induced changes in the MABL 

stratification.  Over warm water, the stability of the MABL is reduced and the buoyancy-driven 

turbulent mixing is increased, which enhances the downward mixing of momentum from aloft to 

the surface.  This increases the surface winds and decreases the vertical wind shear throughout 

the MABL (except very near the surface).  The converse is true over cool water, where the 

vertical turbulent mixing is suppressed by the stronger static stability, resulting in lighter surface 

winds and greater vertical wind shear. 

The modification of the surface wind is also attributed (see references above) to the SST-

induced perturbations in SLP that develop across the SST front due to changes in atmospheric 

baroclinicity.  The resulting perturbation pressure gradient force tends to accelerate the surface 

wind toward locally warmer water.  Therefore, the surface wind can be enhanced or reduced 

depending on its directional alignment with the SST-induced SLP gradient vector.  For example, 

Song et al. (2006) showed that the perturbation pressure gradient force enhanced the surface 

wind speed in conditions where the mean surface flow traversed the Gulf Stream from the cool to 



4 

 

the warm side, and reduced the surface wind speed in the converse.  Small et al. (2003) found 

similar results over TIWs in the eastern equatorial Pacific, where the perturbation pressure 

gradient force was responsible for strengthening the trade winds over warm SST anomalies and 

weakening the trade winds over cooler SST anomalies.     

The strength of the SST-induced atmospheric baroclinicity and the importance of the 

resulting perturbation pressure gradient in modifying the surface wind are shown to be dependent 

on the width of the SST front, the strength of the surface flow, and the direction of the surface 

flow relative to the SST front (Spall 2007).  For strong wind, midlatitude cases (e.g., atmospheric 

cold front passage), Spall (2007) found that SST-induced pressure gradients played a secondary 

role in modifying the surface wind field.  The rapid change in the vertical turbulent mixing of 

momentum across the SST front was shown to be of primary importance.  However, weaker 

surface winds (e.g., 3 m s
-1

) allowed the vertical mixing of temperature in the MABL to act over 

the same spatial scales of the SST front, permitting perturbation pressure gradients to develop 

and to dominate the changes in the surface winds (Spall 2007). 

The importance of the SST-induced perturbation pressure gradient force in 

accelerating/decelerating the surface wind across the SST front is also found to be dependent on 

the direction by which the SST front is traversed.  For strong surface winds (e.g., 15 m s
-1

), Spall 

(2007) found that the influence of the SST-induced perturbation pressure gradient is greater for 

cold-to-warm flow compared to warm-to-cold flow.  For weaker winds, the perturbation pressure 

gradient was found to be primarily responsible for the changes in wind speed regardless of flow 

direction (Song et al. 2006; Spall 2007). 

The prominence of each mechanism in driving the surface wind response to strong SST 

gradients is in part dependent on both the local oceanic and atmospheric conditions.  Some of the 

factors that can contribute to the variability of the SST–wind coupling are: the strength and 

spatial extent of the SST front, the strength and directional steadiness of the prevailing wind, the 

strength of the MABL stratification and capping inversions, latitude, and the proximity to land 

(summarized by O’Neill et al. 2010b).  However, even in this complex system, satellite and in 

situ observations show a linear relationship between surface wind and wind stress, and SST on 

spatial scales less than 1000 km. 

Satellite-based observations show that the wind stress divergence and curl fields are 

linearly related to the downwind and crosswind component of the SST gradient, respectively 
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(e.g., Chelton et al. 2001, 2004, 2007; O’Neill et al. 2003, 2005, 2010a; Chelton 2005; Maloney 

and Chelton 2006).  The perturbation in wind stress divergence or convergence is locally 

maximized where the wind stress vector is oriented parallel to the SST gradient vector (across 

isotherms).  Conversely, the perturbation in wind stress curl is locally largest where the wind 

stress vector is aligned perpendicular to the SST gradient vector (along isotherms).  The linear 

relationship between surface wind and wind stress, and SST perturbations is remotely observed 

over the Gulf Stream (e.g., O’Neill et al. 2010a, 2012), the Kuroshio Extension (e.g., Maloney 

and Chelton 2006; O’Neill et al. 2010a, 2012), the Agulhas Return Current (e.g., O’Neill et al. 

2005, 2010a, 2010b, 2012; Maloney and Chelton 2006), the Brazil-Malvinas Confluence in the 

South Atlantic (e.g., O’Neill et al. 2010a, 2012), the California Current System (e.g., Chelton et 

al. 2007), the eastern equatorial Pacific (e.g., Chelton et al. 2001; Chelton 2005), and the 

Southern Ocean (e.g., O’Neill et al. 2003, 2010b, 2012).  O’Neill (2012) confirmed the linear 

dependence using moored buoys in the Gulf Stream and eastern equatorial Pacific, where the 

wind speed, 10-m equivalent neutral wind speed (ENW), and surface wind stress were found to 

respond linearly to SST differences. 

Although this linear relationship is observed throughout the global ocean, the strength of 

the SST–wind coupling (or linearity) does exhibit large geographic variability.  Knowledge of 

the relative dominance of each fundamental mechanism is important and should be investigated 

over an extensive range of oceanic and atmospheric conditions.  In this study, a series of 

experiments are performed to investigate the impact that changes in atmospheric stability and 

baroclinicity have on the 10-m vector wind in the vicinity of an idealized SST front.  The 

University of Washington Planetary Boundary Layer (UWPBL) model, version 4.0 (Patoux 

2004; section 2.2.1), is used to individually isolate the stability and baroclinic-related effects 

over a broad range of environmental conditions.  Because past studies have shown (see section 

2.1) a dependence of the SST-induced perturbations in surface wind speed, wind stress, and 

derivative fields on the orientation of the surface flow with respect to the SST front, this study 

examines the stability and baroclinic-related impacts on the surface vector wind over two 

directional scenarios: (i) surface flow parallel to the SST front (warm-to-cold and cold-to-warm 

flow) and (ii) surface flow perpendicular to the SST front.  The model configuration for the 

parallel and perpendicular cases is detailed in sections 2.2.2 and 2.2.3, respectively.  The stability 
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and baroclinic-related impacts are quantified in sections 2.3 and 2.4, and are shown to be linear 

in nature for the baroclinic cases and highly non-linear for the stability cases.    

2.2 Configuration of Idealized Experiments  

2.2.1 The UWPBL Model 

The UWPBL model is a two-layer similarity model that analytically solves for the wind 

profile in the atmospheric boundary layer by patching a modified Ekman spiral to a logarithmic 

profile.  The matching conditions at the patch height between the Ekman layer and the surface 

layer result in similarity relations between the surface stress and the geostrophic flow.  The so-

called direct model (e.g., Dickinson and Brown 1996; Zeng and Brown 1998; Brown and Zeng 

2001; Zheng et al. 2013) is used in this study and requires (at least) a geostrophic flow boundary 

condition to solve for the atmospheric boundary-layer wind profile.  The inclusion of SST, 

surface air temperature (Tair), and/or surface humidity data can activate additional physical 

parameterizations, allowing the effects of MABL stratification, baroclinicity (referred to as 

thermal wind in the UWPBL model documentation; Patoux 2004), and secondary flows to 

influence the wind profile.   

2.2.2 Model Setup: Surface Flow Parallel to the SST Front 

To examine the roles that SST-induced MABL stability and baroclinicity play in 

modifying the 10-m vector wind, three idealized experiments are developed: (i) a control case 

that neglects the effects of stability and baroclinicity, (ii) a stability-dependent case that neglects 

the effects of baroclinicity, and (iii) a baroclinic-dependent case that neglects the effects of 

stability.  For the control case, the geostrophic winds are specified so that the resulting surface 

vector winds are aligned parallel to the x-axis and are pointed in the positive x-direction.  For all 

three cases, the x-axis represents the across-front direction and the y-axis represents the along-

front direction.  Figures 1 and 2 show the control surface vector winds, which are used to 

quantify the impact of changes in MABL stability and baroclinicity on the surface vector wind.  

Here the MABL stability is approximately neutral (SST = Tair) and the influence of SST-

induced horizontal atmospheric baroclinicity is neglected.  The main parameters and variables 

for the control case are listed in Table 1.     

For the stability-dependent case, the same model setup as the control run is used except 

here the SST is varied (see Table 1), which modifies the MABL stability through changing the 
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air–sea temperature difference (SST - Tair).  Negative air–sea temperature differences (SST - 

Tair < 0) represent stable conditions and positive differences (SST - Tair > 0) represent unstable 

conditions.  The air–sea temperature difference is varied from -8.0 to 8.0 °C, simulating across-

front changes in stability.  The changes in MABL stability are made only in the across-front 

direction (i.e., x-axis), making conditions homogeneous in the along-front direction (i.e., y-axis).  

Stable conditions represent the situation where the surface flow is from warm to cool SST across 

a front, and unstable conditions represent the situation where the surface flow is from cool to 

warm.  O’Neill (2012) showed that surface flow from warm to cool SST across a front tends to 

stabilize the atmospheric surface layer, while surface flow from cool to warm SST acts to 

destabilize the surface layer. 

The impact of MABL stability on the surface vector wind is quantified in section 2.3 by 

subtracting the control case from the stability-dependent case.  Figure 1 shows an example of the 

stability-dependent surface vector winds with respect to the control case for the maximum stable 

(SST - Tair = -8 °C) and unstable (SST - Tair = 8 °C) conditions.  The response of the surface 

vector wind to changes in stability is greater under unstable conditions and increases with 

increasing geostrophic winds.  Because of the model setup, the across-front component 

dominates the along-front component and all of the across-frontal changes that are depicted in 

Figure 1 are homogeneous in the along-front direction.    

The baroclinic-dependent case isolates the impact of SST-induced horizontal atmospheric 

baroclinicity on the surface vector wind.  In this model setup, the atmosphere is fixed to the 

ocean (i.e., SST = Tair).  Here the horizontal SST gradient is varied from -2.0 to 2.0 K 100km
-1

, 

while using the same geostrophic winds as in the control case to force the UWPBL model and 

setting the MABL stability to be approximately neutral (SST = Tair; see Table 1).  The specified 

horizontal SST gradients are aligned parallel to the x-axis (dTdy = 0) with negative gradients 

pointing in the negative x-direction and positive gradients pointing in the positive x-direction.  

Negative SST gradients represent the situation where the surface flow is from warm to cool SST 

across a front; the control surface wind vector and SST gradient vector are approximately 

antiparallel.  Positive SST gradients represent the situation where the surface flow is from cool to 

warm; the control surface wind vector and SST gradient vector are roughly parallel.  The 

gradient in air density creates a horizontal gradient in pressure which requires a change in the 

wind vector to balance the forces (Coriolis, pressure gradient, and friction).   
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Similar to the stability-dependent case, the impact of SST-induced horizontal 

atmospheric baroclinicity on the surface vector wind is quantified by subtracting the control case 

from the baroclinic-dependent case (see section 2.3).  Figure 2 shows an example of the 

baroclinic-related changes in the surface vector winds with respect to the control case for the 

maximum SST gradients (-2.0 and 2.0 K 100km
-1

).  In all cases, the across-front component is 

the dominant surface wind component and the changes are homogeneous in the along-front 

direction.  Figure 2 shows that the response of the surface vector wind to changes in atmospheric 

baroclinicity increases with increasing geostrophic winds and is more symmetrical with respect 

to the control case compared to the stability-dependent response that is shown in Figure 1.       

 

Table 1.  UWPBL model setup for the control, stability, and baroclinic-dependent idealized 

experiments. 

Variable Control Case Stability Case Baroclinic Case 

Geostrophic Wind Speed 0 to 50 m s
-1

 0 to 50 m s
-1

 0 to 50 m s
-1

 

Tair Constant Constant = SST 

SST Constant
 

Varying
 

Varying
 

SST - Tair 0°C -8 to 8°C 0°C 

SST Gradient 0 K 100km
-1 

0 K 100km
-1 

-2 to 2 K 100km
-1 

 

2.2.3 Model Setup: Surface Flow Perpendicular to the SST Front  

The model setup is the same as in section 2.2.2, except that the geostrophic winds are 

specified so that the resulting surface vector winds for the control case are aligned parallel to the 

y-axis and pointed in the positive y-direction.  Like in section 2.2.2, the x-axis represents the 

across-front direction and the y-axis represents the along-front direction. The impacts of SST-

induced MABL stability and baroclinicity are quantified in the across-front direction by 

subtracting the control case from the respective stability and baroclinic-dependent cases (see 

section 2.3).  Figure 3 shows that the response of the surface vector wind to changes in stability 

increases with increasing geostrophic winds and is larger under unstable conditions than for 

stable conditions.  Figure 4 shows that the response of the surface vector wind to changes in 

atmospheric baroclinicity increases with increasing geostrophic winds and is again more 

symmetrical about the control case compared to the stability-dependent response (refer to Figure 
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3).  In this experiment, the along-front component dominates and all of the across-frontal 

changes that are depicted in Figures 3 and 4, and in section 2.3 are homogeneous in the along-

front direction.         
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2.3 Results: Surface Flow Parallel to the SST Front 

2.3.1 Changes in Wind Speed 

Figures 5a and 5b show the changes in 10-m wind speed due to changes in MABL 

stability and baroclinicity, respectively.  The differences are largely consistent with the findings 

of O’Neill (2012), who found mean SST-related differences between -2 and 2 m s
-1

 in the Gulf 

Stream and eastern equatorial Pacific.  Figure 5a shows that for the stability-related case the 

wind speed decreases in stable (SST - Tair < 0) conditions and increases in unstable (SST - Tair 

> 0) conditions.  For the baroclinic-related case (Figure 5b), the wind speed decreases in 

conditions where the SST gradient vector is pointed in the negative x-direction (dTdx < 0) and 

increases where the SST gradient vector is pointed in the positive x-direction (dTdx > 0).  

O’Neill (2012) showed that surface flow from warm to cool SST across a front tends to stabilize 

the atmospheric surface layer, while surface flow from cool to warm SST acts to destabilize the 

surface layer.  Therefore, the stability and baroclinic-related changes in wind speed suggest that 

the two mechanisms act constructively to either enhance or reduce the magnitude of the surface 

wind, depending on the direction that the SST front is traversed (i.e., warm to cool or cool to 

warm).  The degree to which the stability and baroclinic impacts cooperate appears to be a 

function of local conditions (e.g., the rate of change of the air–sea stratification and the rate of 

the surface flow). 

For stably stratified conditions, the baroclinic-related impact appears to dominate the 

changes in wind speed.  Under unstable conditions, the stability-related changes could be similar 

in magnitude depending on the temperature gradient and the stability.  However, the linear nature 

of the baroclinic-related differences when both signs of the SST gradient are considered is 

consistent with the observed SST–wind relationship (O’Neill 2012).  This result suggests that the 

baroclinic-related mechanism is the leading factor in driving the observed surface wind response 

to strong open ocean SST fronts, and is consistent with findings of O’Neill (2012) that stability 

plays a small role in the area of the Gulf Stream.  

2.3.2 Changes in the Across-front Wind Component 

Figures 5c and 5d show that the changes in the across-front component of the 10-m wind 

due to changes in MABL stability and baroclinicity are similar (in sign, magnitude, and shape) to 

the respective changes in wind speed (refer to Figures 5a and 5b, respectively).  For the stability-
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related case (Figure 5c), the across-front component of the surface wind is decreased in stable 

conditions and is increased in unstable conditions.  Likewise, the baroclinic-related impact 

(Figure 5d) reduces the across-front wind component in conditions where the SST gradient 

vector is pointed in the negative x-direction and increases where the SST gradient vector is 

pointed in the positive x-direction.  The stability and baroclinic-related impacts appear to act in a 

complementary fashion, but the asymmetric versus linear nature of the respective differences 

suggests that the individual contribution of each mechanism to the overall change in wind speed 

is dependent on the local atmospheric and oceanic conditions.  However, the linear distribution 

of the baroclinic-related differences is more consistent with the observed changes in wind speed 

near SST fronts (O’Neill 2012).      

2.3.3 Changes in the Along-front Wind Component  

Figures 5e and 5f show the changes in the along-front 10-m wind component due to 

changes in MABL stability and baroclinicity, respectively.  For the stability-related case (Figure 

5e), the along-front component is increased in stable conditions and is decreased in unstable 

conditions.  These changes are contrary (in sign) to the changes in the across-front component 

(refer to Figure 5c), but have little impact on the change in wind speed because the along-front 

component is much smaller than the across-front component in all cases (refer to Figure 1).  

Although the impact on wind speed is small, the stability-related changes in the along-front 

component do affect the wind direction.  In stable conditions, the stability-dependent surface 

wind vector is rotated counterclockwise from the control vector, enhancing the veering through 

the MABL.  Conversely, in unstable conditions, the stability-dependent surface wind vector is 

rotated clockwise from the control vector, reducing the veering through the MABL.   

Figure 5f shows that the changes in the along-front component due to changes in MABL 

baroclinicity mimic those of the corresponding across-front component (see Figure 5d).  Like the 

stability-dependent results, the baroclinic-related changes in the along-front component have a 

small impact on the change in wind speed.  Overall, the along-front component is much smaller 

than the corresponding across-front component (refer to Figure 2).  The baroclinic-related 

changes in the along-front component do affect the wind direction.  In conditions where the SST 

gradient vector is pointed in the negative x-direction, the along-front component is decreased, 

rotating the baroclinic-dependent surface wind vector clockwise from the control vector.  This 

rotation reduces the veering through the MABL.  Conversely, in conditions where the SST 
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gradient vector is pointed in the positive x-direction, the along-front component is increased, 

rotating the baroclinic-dependent surface wind vector counterclockwise from the control vector.  

This rotation enhances the veering through the MABL. 

The stability and baroclinic-related impacts appear to cause contrary effects with respect 

to the changes in wind direction.  In stable conditions, the baroclinic-related impact appears to 

dominate the changes in the along-front component with the stability-related impact acting as a 

governor.  In unstable conditions, the dominance of a particular mechanism is highly dependent 

on local conditions (e.g., the rate at which the MABL stratification is changing and the rate of the 

surface flow).  This turning is not considered in the simple conceptual model where surface wind 

speeds increase over warmer water, and might be partially responsible for the observed regional 

variability in the coupling coefficient between winds and SST gradients.   

2.3.4 Changes in the Curl of the Surface Wind 

Figures 6a and 6b show the changes in the curl of the 10-m wind due to changes in 

MABL stability and baroclinicity, respectively.  The changes in the curl of the surface wind for 

the stability and baroclinic cases are solely due to the across-frontal change in the along-front 

surface wind component (i.e., change in wind direction).  This is because the changes in the 

along-front direction are uniform and make no contribution to the spatial derivative.  For the 

stability-dependent case (Figure 6a), the across-frontal change in the along-front surface wind 

component causes positive surface wind curls in stable conditions, and negative curls in unstable 

conditions.  These changes are highly asymmetric about neutral conditions (SST - Tair = 0), with 

a greater sensitivity to changes in stability occurring in unstable conditions.   

Figure 6b shows that the changes in surface wind curl for the baroclinic case are largely 

symmetric about the control case (dTdx = 0).  Here the across-frontal change in the along-front 

surface wind component causes negative curls where the control surface wind vector is 

antiparallel to the SST gradient vector and positive curls where the control vector is parallel to 

the SST gradient. 

Because the changes in surface wind curl are solely dependent on the across-frontal 

change in the along-front surface wind component, the stability and baroclinic-related impacts 

have opposing effects.  In stable conditions, the baroclinic-related impact appears to dominate 

the changes in surface wind curl with the stability-related impact acting as a limiter.  In unstable 
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conditions, the dominance of a particular mechanism is highly dependent on local conditions 

(e.g., the rate at which the MABL stratification is changing and the rate of the surface flow).   

2.3.5 Changes in the Divergence of the Surface Wind  

Figures 6c and 6d show the changes in the divergence of the 10-m wind due to changes in 

MABL stability and baroclinicity, respectively.  The changes in divergence for the stability and 

baroclinic cases are solely due to the across-frontal change in the across-front surface wind 

component (i.e., change in wind speed).  For the stability-dependent case (Figure 6c), the across-

frontal change in the across-front component causes convergence across the SST front in stable 

conditions and divergence in unstable conditions.  Similar to the changes in surface wind curl 

(see Figure 6a), the stability-related changes in surface wind divergence are highly asymmetric 

about neutral conditions with a greater sensitivity to changes in stability occurring in unstable 

conditions. 

For the baroclinic-dependent case (Figure 6d), the across-frontal change in the across-

front component of the surface wind causes convergence across the SST front where the control 

surface wind vector is antiparallel to the SST gradient vector and divergence where the control 

vector is parallel to the SST gradient.  Like the corresponding changes in surface wind curl (see 

Figure 6b), the changes in surface wind divergence have large symmetry about the control case 

of no SST gradient present. 

Unlike for the surface wind curl, the stability and baroclinic-related impacts appear to 

have complementary effects on the surface wind divergence.  In stable conditions, the two 

mechanisms cause convergence across the SST front; however, the baroclinic-related impact 

appears to be the dominating factor.  In unstable conditions, the stability and baroclinic-related 

mechanisms cause divergence across the front.  Here, however, the cooperation or dominance of 

a particular mechanism is largely dependent on local conditions.    
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2.4 Results: Surface Flow Perpendicular to the SST Front   

2.4.1 Changes in Wind Speed 

Figures 7a and 7b show the changes in 10-m wind speed due to changes in MABL 

stability and baroclinicity, respectively.  These changes are largely in accord with the results 

from section 2.3.1.  Figure 7a shows that for the stability-related case the wind speed decreases 

in stable conditions and increases in unstable conditions.  For the baroclinic-related case (Figure 

7b), the wind speed decreases in conditions where the SST gradient vector is pointed in the 

negative x-direction and increases where the SST gradient vector is pointed in the positive x-

direction.  Similar to the case where the surface flow is parallel to the SST front (see section 
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2.3.1), the stability and baroclinic-related impacts appear to act constructively, reducing the wind 

speed in more stable conditions (i.e., the cooler side of a SST front) and enhancing the wind 

speed in more unstable conditions (i.e., the warmer side of a SST front). 

For stably stratified conditions, the baroclinic-related impact appears, again, to dominate 

the changes in wind speed.  For unstable conditions, the stability and baroclinic-related changes 

could be similar in magnitude depending on local conditions.  However, as in section 2.3.1, the 

linear nature of the baroclinic-related differences when both signs of the SST gradient are 

considered is consistent with the observed SST–wind relationship, suggesting that the baroclinic-

related mechanism is the dominant factor in driving the observed surface wind response to strong 

SST fronts.       

2.4.2 Changes in the Across-front Wind Component  

Figures 7c and 7d show the changes in the across-front component of the 10-m wind due 

to changes in MABL stability and baroclinicity, respectively.  The across-front component is 

much smaller than the along-front component in all cases (see Figures 3 and 4), so the stability 

and baroclinic-related changes affect the surface wind direction more than the wind speed.  For 

the stability-related case (Figure 7c), the surface wind vector is rotated counterclockwise from 

the control vector in stable conditions, enhancing the veering through the MABL.  Conversely, in 

unstable conditions, the stability-dependent surface wind vector is rotated clockwise from the 

control vector, reducing the veering through the MABL. 

Figure 7d shows that for the baroclinic-dependent case the surface wind vector is rotated 

counterclockwise from the control vector in conditions where the SST gradient vector is pointed 

in the negative x-direction.  This directional change enhances the veering through the MABL.  In 

conditions where the SST gradient vector is oriented along the positive x-axis, the surface wind 

vector is rotated clockwise from control vector, reducing the veering through the MABL. 

Similar to the changes in wind speed (refer to Figures 7a and 7b), the stability and 

baroclinic-related impacts appear to act in a complementary manner.  For stably stratified 

conditions, the baroclinic-related impact looks to dominate directional changes.  In unstable 

conditions, the dominance of a particular mechanism and the degree to which the stability and 

baroclinic-related impacts cooperate are largely dependent on local conditions.      
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2.4.3 Changes in the Along-front Wind Component 

Figures 7e and 7f show the changes in the along-front component of the 10-m wind due 

to changes in MABL stability and baroclinicity, respectively.  The changes in the along-front 

component are largely responsible for the changes in wind speed.  Figure 7e shows that the 

along-front component decreases in stable conditions and increases in unstable conditions.  For 

the baroclinic-related case (Figure 7f), the along-front component decreases in conditions where 

the SST gradient vector is pointed in the negative x-direction and increases where the SST 

gradient vector is pointed in the positive x-direction.  In conjunction, these changes act to 

decrease the wind speed over the cooler side of a SST front and increase the wind speed over the 

warmer side.  As for the changes in wind speed (see section 2.4.1), the linear nature of the 

baroclinic-related differences is more consistent with the observed SST–wind relationship than 

the highly asymmetric distribution of the stability-related differences.   

2.4.4 Changes in the Curl of the Surface Wind 

Figures 8a and 8b show the changes in the curl of the 10-m wind due to changes in 

MABL stability and baroclinicity, respectively.  For the stability and baroclinic-related cases, the 

changes in the curl of the surface wind are wholly due to the across-frontal change in the along-

front surface wind component (i.e., change in wind speed).  Figure 8a shows that the stability-

related impact causes negative surface wind curls in stable conditions, and positive curls in 

unstable conditions.  Figure 8b shows congruous results for the baroclinic-dependent case.  Here 

negative curls are found in conditions where the SST gradient vector is pointing in the negative 

x-direction (i.e., a stabilizing environment), and positive curls are found in conditions where the 

SST gradient vector is pointing in the positive x-direction (i.e., a destabilizing environment). 

The stability-related changes are highly asymmetric about neutral stability and have a 

smaller impact in stable conditions, where the baroclinic-related changes appear to dominate.  

For unstable conditions, the stability and baroclinic-related impacts can be of equal importance 

depending on the local environmental conditions.   

2.4.5 Changes in the Divergence of the Surface Wind  

Figures 8c and 8d show the changes in the divergence of the 10-m wind due to changes in 

MABL stability and baroclinicity, respectively.  The changes in the surface wind divergence for 

the stability and baroclinic cases are solely driven by the across-frontal change in the across-front 
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surface wind component (i.e., change in wind direction).  For the stability-dependent case 

(Figure 8c), convergence is found in stable conditions and divergence is found in unstable 

conditions.  Figure 8d shows similar results for the baroclinic-dependent case.  Here convergence 

is located in conditions where the SST gradient vector is pointing in the negative x-direction (i.e., 

a stabilizing environment), and divergence is located in conditions where the SST gradient vector 

is pointing in the positive x-direction (i.e., a destabilizing environment).   

The stability-related changes are highly asymmetric about neutral conditions and have a 

smaller impact in stable conditions, where the baroclinic-related changes appear to dominate.  

For unstable conditions, either the stability or baroclinic-related impact can dominate depending 

on the local environmental conditions. 
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CHAPTER THREE 

IMPLICATION OF BAROCLINIC-RELATED IMPACT ON 

EKMAN PUMPING 

3.1 Introduction 

Capturing small-scale (e.g., meso and synoptic) surface wind variability globally is 

essential to understanding and modeling the coupled climate system because air–sea fluxes (e.g., 

heat, moisture, momentum, gases, and aerosols) and surface flux driven processes are largely and 

non-linearly dependent on the surface wind.  Failing to do so can be problematic.  Gulev (1994, 

1997), Josey et al. (1995), and Hughes et al. (2012) showed that misrepresenting the synoptic 

and smaller scale latent and sensible heat flux variability can greatly reduce the accuracy and 

applicability of air–sea turbulent flux climatologies.  Milliff et al. (2004) showed that the zonal 

averaged wind stress curl, which is related to Sverdrup transport, is sensitive to high-

wavenumber variability in the surface wind forcing.  Ekman pumping (upwelling and 

downwelling) plays a first-order role in driving ocean currents (Hogg et al. 2009) and is 

dependent on the wind stress curl.  O’Neill et al. 2003, Chelton et al. 2007, and Hogg et al. 2009 

showed that the small-scale SST-induced perturbations in Ekman pumping can be of significant 

importance to both local and large-scale ocean circulations.  To properly model the wind-driven 

ocean circulation and transport, an accurate representation of wind stress on synoptic and smaller 

spatial scales is needed.       

The assessment of surface wind fields from numerical weather prediction (NWP) models 

against scatterometer-derived winds has revealed large discrepancies between the two data 

sources, particularly at the spatial scales where the small-scale SST–wind coupling is 

predominant (< 1000 km).  At spatial scales less than approximately 1000 km, scatterometer-

derived winds were shown to have considerably higher energy compared to surface wind fields 

in the National Centers for Environmental Prediction (NCEP) and European Centre for Medium-

Range Weather Forecasts (ECMWF) models of the time (Wikle et al. 1999; Milliff et al. 2004; 

Chelton et al. 2006).  At these spatial scales, the NWP-derived surface wind spectra were found 

to drop off at a much steeper slope with respect to wavenumber than the associated 

scatterometer-derived spectra.  This rapid drop off in spectral power occurs at spatial scales that 
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are roughly eight to ten times larger than the equivalent grid resolution of the NWP analyses 

(Milliff et al. 2004; Chelton et al. 2006).   

Previous studies (e.g., Brown et al. 2005, 2006; Chelton 2005; Maloney and Chelton 

2006; Song et al. 2009) have also found that the strength of the air–sea coupling near strong SST 

fronts is underestimated in climate models compared to satellite observations.  The lack of small-

scale air–sea coupling is suggested to stem from several factors: the atmospheric grid resolution, 

the resolution and accuracy of the SST boundary forcing, and the deficiencies in the 

parameterization of the MABL physics.  Song et al. (2009) concluded that the characteristics of 

the SST boundary forcing and the parameterizations of vertical mixing in the MABL response to 

SST are leading-order factors. 

Although scatterometers and radiometers aboard polar-orbiting platforms provide 

unprecedented dense observations within each measurement swath (globally), data from 

satellites are not without limitations.  The utility of data from polar-orbiting satellites is limited 

by the relatively sparse and irregular sampling of the swaths themselves (Salby 1989; Schlax et 

al. 2001).  Each individual swath represents a different snapshot of the continuously evolving 

flow; therefore, transient and rapidly evolving features are insufficiently sampled by a single 

orbiting platform throughout the course of a day, which can lead to large sampling errors (Schlax 

et al. 2001).  In addition, data voids (resulting from orbital characteristics, mission parameters, 

and/or rain-related issues) also contribute to the misrepresentation of small-scale (space and 

time) air–sea interactions. 

This study capitalizes on both the spatiotemporal coverage of NWP data and the inherent 

high-wavenumber information in satellite observations to examine the physical implications of 

the SST-induced baroclinic-related changes in surface wind on oceanic forcing.  Here the 

impacts of the small-scale baroclinic-related changes of surface wind on Ekman pumping are 

investigated over the North Pacific midlatitudes for the boreal winter of 2003 (section 3.3).  In 

addition, the spatial scales that must be resolved to capture the baroclinic-related influences on 

Ekman pumping are identified in section 3.4. 
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3.2 Methodology and Data 

3.2.1 Development of Surface Vector Wind Fields 

The UWPBL model is used to produce two regularly gridded (0.25° x 0.25° and 6-

hourly) surface vector wind datasets for the year 2003: (i) a control case and (ii) a baroclinic-

dependent case.  These surface vector winds are used to compute the surface wind stresses that 

are needed in the Ekman pumping calculation (see section 3.2.2).  For both surface vector wind 

cases, the UWPBL model is forced with sea level pressure (SLP) data from the ECMWF Interim 

Reanalysis (Dee et al. 2011).  The SLP data provide the means of obtaining a geostrophic flow 

boundary condition, which is required by the UWPBL model to solve for the boundary-layer 

wind profile.  The UWPBL model calculates a horizontal pressure gradient from the SLP data, 

which is then used to determine the geostrophic flow conditions and to compute the surface 

vector wind estimate.  Figure 9 shows an example of the input 6-hourly SLP fields and the 

resulting UWPBL model-derived surface vector wind field, which represents the control case.     

For the control case, the UWPBL model is forced only with SLP data; the effects of 

MABL stability and baroclinicity are neglected.  The SST and surface air temperature are set to 

be equal, resulting in approximately neutral stability. The model air density is used in the stress 

calculations, however, the impact of the horizontal air temperature gradient on winds is set equal 

to zero in the UWPBL model, omitting the effects of strong SST gradients on the atmospheric 

baroclinicity and on the surface vector wind.  

Similar to the control case, the baroclinic-dependent case neglects the effects of 

stratification on the surface vector wind (SST = Tair).  However, the effects of atmospheric 

baroclinicity on the surface vector wind are considered through the inclusion of SST as an input 

variable to the UWPBL model.  Figure 10a shows an example of the input SST data (from 

Reynolds OISST; Reynolds et al. 2007).  The SST data are used to incorporate the baroclinic-

related impact into the surface vector wind estimate.  This approach isolates the impacts of the 

baroclinic-related process, which appears to be the dominant process on the spatial scales that are 

examined herein.  In this model setup, the atmosphere is fixed to the ocean, so a strong SST 

gradient results in strong atmospheric baroclinicity.  Figure 10b shows an example of the input 

SST gradients, which are computed from the SST field that is shown in Figure 10a. Figure 10c 

shows an example of the baroclinic-dependent surface vector winds.  
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Figures 11–14 focus on a subregion of the North Pacific domain to highlight the 

differences between the control and baroclinic-dependent surface vector wind fields.  Figure 11 

shows the meandering nature of the SST field on daily time scales, which results in organized 

small-scale patterns of strong SST gradients (i.e., atmospheric baroclinicity).  Figure 12 shows 

that the surface flow is largely southerly/southeasterly over the subregion with wind speeds 

greater than 10 m s
-1

; however, the changes in the surface wind due to the baroclinic-related 

impact exhibit much spatial variability (depicted in Figure 13).  Figure 13 shows that the changes 

in wind speed are dependent on both the magnitude of the SST gradient and the orientation of the 

surface flow with respect to the SST gradient vector.  The greatest enhancement of the surface 

wind by the baroclinic-related impact appears to occur where the surface wind and SST gradient 

vectors are roughly perpendicular to each other, and the greatest reduction occurs where two 

vectors are roughly antiparallel.  Figure 14 shows the changes in surface wind curl due to MABL 
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baroclinicity. The differences, which can result from changes in speed and/or direction, also 

exhibit much small-scale structured spatial variability in part due to the strong dependence on the 

orientation of the surface wind vector with respect to the SST gradient.   
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3.2.2 Calculation of Ekman Pumping 

Ekman pumping (wE) is defined as 

 �� = 1�� ∇ × �, (1) 

where wE is the vertical velocity at the bottom of the Ekman layer, ρ is the density of water, f is 

the Coriolis parameter, and  ∇ × � is the spatially averaged curl of the surface wind stress.  

Positive values of wE indicate upward oceanic movement (i.e., upwelling) and negative values 

indicate downward oceanic movement (i.e., downwelling).  Note that it is assumed that Ekman-

related currents are in equilibrium with the surface winds and the feedback of the SST-induced 

changes in wind stress on the SST is neglected.  In areas with slow temporal evolution of the 

wind field, the assumption of equilibrium is valid.  However, in areas with rapidly changing 
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winds, the forces will not have sufficient time to come into balance.  The goal of this analysis is 

to make a first approximation of the importance of small-scale SST-induced atmospheric 

baroclinicity on Ekman pumping.      

  The surface wind stress, τ, is calculated from the UWPBL-derived surface vector winds 

(refer to section 3.2.1) using the Bourassa (2006) parameterization.  The calculation of the 

spatially averaged curl of the wind stress is based on the work of Bourassa and McBeth-Ford 

(2010) and Holbach and Bourassa (2014).  This calculation uses the circulation theorem to 

compute the circulation about a “shape,” which is divided by the area of the shape to get the 

spatially averaged curl of the wind stress.  This value is mapped to the center of the shape. The 

shape is defined by its specified diameter, which is a function of the horizontal grid spacing.  

Here a 0.25° x 0.25° spatial grid is used.  A shape with a diameter of 0.5° (twice the grid 

spacing) takes the form of a diamond.  Using a diameter of 0.5° is equivalent to applying a 

centered finite difference scheme to compute the curl of the wind stress.  As the diameter 

increases, the shape becomes progressively more circular and the random error in the wind stress 

curl calculation is reduced (Bourassa and McBeth-Ford 2010).  A diameter of 1.0° (four times 

the grid spacing) is used to calculate the spatially averaged curl of the wind stress in section 3.3.  

In section 3.4, the diameter is varied from 1.0° (four times the grid spacing) to 6.0° (24 times the 

grid spacing) to examine the changes in curl at different spatial scales.    

3.3 Seasonal Impacts 

To be important on longer (climatological) time scales, the small-scale baroclinic-related 

changes in surface wind (refer to Figures 13 and 14) need to vary in a relatively structured 

manner rather than in a random manner that results in cancelation over a sufficient amount of 

time.  Chelton et al. (2007) showed that strong SST gradients and directional steady surface flow 

created favorable conditions for the SST to strongly influence the wind stress.  Conversely, weak 

SST gradients and low directional steadiness of the surface flow resulted in unfavorable 

conditions for SST–wind stress interaction. 

Figure 15 shows that the 6-hourly baroclinic-related changes in Ekman pumping are 

important when averaged over the 2003 winter season (December through February).  The 

baroclinic case (Figure 15a) has greater small-scale spatial variability with more intense Ekman 

upwelling/downwelling than the control case (Figure 15b), especially in the western Pacific, 
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where strong SST gradients are prevalent over the 2003 winter period. The differences 

(baroclinic minus control; Figure 15c) are first-order changes in Ekman pumping and exhibit 

much spatial organization, with broader patterns occurring in the western basin than in the 

eastern part. 

The small-scale spatial variability that is evident in Figures 15a and 15c is solely due to 

the inclusion of the SST information.  However, the spatial pattern of the baroclinic-dependent 

Ekman pumping (Figure 15a) and associated differences (Figure 15c) does not necessarily match 

that of the averaged SST gradients.  This reveals the importance of not only the strength of the 

SST gradient, but also of the strength and direction of the surface wind, emphasizing the need for 

coincident SST and vector wind measurements. 

3.4 Band-pass Filtering of Seasonally Averaged Ekman Pumping 

Because the baroclinic-related differences in Ekman pumping exhibit much spatial 

organization (refer to Figure 15c), it cannot be assumed that the small-scale SST-induced 

impacts will be negligible (or cancel out) over broader spatial areas.  Consequently, the small-

scale SST–wind coupling may need to be considered (parameterized) even in spatially coarser 

resolution models.  The importance on different spatial scales is examined for winter 2003.  The 

importance of the baroclinic-related changes in Ekman pumping on broader spatial scales is 

examined through varying the diameter that is used in the calculation of the wind stress curl 

(refer to section 3.2.2).  By calculating the Ekman pumping at two different spatial scales, the 

importance of the baroclinic-related changes over a particular range of scales can be found by 

subtracting the Ekman pumping for the larger scale from that of the smaller scale.  This process 

essentially acts as a band-pass filter, isolating the spatial scales of the baroclinic-related 

influences on Ekman pumping. 

The baroclinic-related impacts on Ekman pumping are examined on the following spatial 

bands: 1 to 2°, 2 to 3°, 3 to 4°, 4 to 5°, and 5 to 6° (Figures 16a–e, respectively).  The impacts on 

Ekman pumping are greatest in magnitude at the smaller spatial-scale bands, with impacts being 

greatly diminished at the 5 to 6° band.  This motion impacts thermocline depth and mixing in the 

mixed layer, and smoothing limitations in reanalysis wind fields would limit representation of 

this variability even if the boundary-layer parameterization was not a limitation.  The eastward 

extent of the large differences is reduced as the spatial scales are increased, showing that the 
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small-scale impacts are more organized in the western basin.  The spatial organization limits the 

amount of cancelation, allowing the small-scale impacts to affect (or pass into) larger spatial 

scales.  Note that the upwelling areas are smaller in spatial extent than the downwelling areas.  

This indicates that very fine resolution is required to properly represent this forcing.  Smaller 

spatial scales are not examined here because noise in the calculation of the curl is much larger 

for a diameter of one and two grid cells and could complicate the interpretation.  
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CHAPTER FOUR 

CONCLUSIONS 

The objective of this study is to examine the roles that SST-induced MABL stability and 

baroclinicity play in modifying the surface vector wind in regions of strong SST fronts.  Because 

the small-scale SST–wind variability can significantly impact both local and remote ocean–

atmosphere processes, and it is not well represented in NWP and climate models, knowledge of 

the physical mechanism that is primarily responsible for the SST-induced changes in surface 

wind and wind stress is important.  This knowledge can help guide future observational studies 

and missions (satellite and in situ) by identifying the key oceanic and atmospheric variables and 

processes that need to be measured.  In addition, understanding the fundamental mechanism that 

is driving SST–wind coupling can help incorporate the effects into numerical models through 

parameterizations.   

The UWPBL model provides the means to isolate the stability and baroclinic-related 

impacts on the surface vector wind in regions of strong SST gradients.  In an idealized model 

configuration, the changes in surface wind speed due to changes in MABL stability and 

baroclinicity are largely consistent with past observational findings, providing credence to the 

model’s ability to represent the SST–wind relationship.  The changes in wind speed are found to 

vary between roughly -2.0 and 2.0 m s
-1

.  The baroclinic-related changes in the surface vector 

wind, curl of the surface wind, and divergence of the surface wind are found to have a largely 

linear dependence on the SST gradient, whereas the corresponding stability-related changes are 

highly non-linear and asymmetric about neutral conditions.  The linearity of the baroclinic-

related impacts matches that of the observed (satellite and in situ) SST–wind relationship.  This 

finding suggests that the baroclinic-related mechanism is the leading factor in driving the 

observed surface wind and wind stress response to the underlying SST in regions of strong SST 

gradients for the spatial scales that are examined (≥ 0.25°).   

 Although the results advocate the prominence of the baroclinic-related mechanism, other 

factors (e.g., stability) should not be disregarded.  In regions of extreme air–sea temperature and 

moisture differences, and rapidly changing stability (e.g., cold-air outbreaks, atmospheric frontal 

passages, or on smaller scales near the SST front), the stability-related impacts can be of primary 
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importance and needs to be examined further.  Under less severe conditions (i.e., the ocean and 

atmosphere approach equilibrium) the baroclinic-related effect appears to be in control.  

However, even in these conditions, the second-order stability-related effects can be responsible 

for the variability in and about the linear response, as can the upper level wind speed. 

The implication of the SST-induced baroclinic-related changes in surface wind (stress) on 

oceanic forcing is examined through changes in Ekman pumping, which plays a first-order role 

in driving ocean currents and is dependent on the wind stress curl.  To impact larger 

(climatological) spatiotemporal scales, the small-scale SST-induced changes in Ekman pumping 

need to be organized in a relatively structured and persistent manner.  The baroclinic-related 

changes in Ekman pumping are found to be significant (first-order) over a seasonal (2003 boreal 

winter) time scale and that these changes are also important over larger spatial scales (e.g., areas 

that are roughly 16 times larger than the native grid spacing of 0.25°), with strong contributions 

on very small scales.  These results highlight the need to incorporate the small-scale SST–wind 

relationship even into relatively coarse resolution numerical model simulations.  Because of the 

linear nature, the baroclinic-related impact can feasibly be parameterized, incorporating the 

effects of the small-scale SST–wind relationship on ocean forcing.       
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