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Good morning everybody
Today I would like to talk about ocean to atmosphere response mechanism of near surface wind convergence along the Gulf Stream as shown in this figure.
In my abstract, I would have like to talk about whole boundary layer response, 
However by technical problem,  today I’m going to talk about only near surface wind response.



1. INTRODUCTION



•
 

Low resolution
 

studies (before early ’00s)
–

 
Basin scale long‐time averaged SST is negative 

 
correlated with surface wind speed

 Cool ocean was thought to be passive for 

 
atmosphere.

Air‐sea interaction over cool ocean
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Before the early aughts, long-term high resolutional observation covering the whole ocean was not available.

In the hot tropical ocean, sea surface temperature, SST  is over 28 degree.
It is known that hot ocean can be active for the atmosphere, for example causing convection.
However, in mid-latitude cool ocean, basin scale SST is negative correlated with surface wind speed in monthly or longer time scale.
This means, relatively cold SST is created by strong surface wind by loosing lot of heat from ocean.
Therefore cool ocean was thought to be passive for atmosphere, 




•
 

Low resolution
 

studies (before early ’00s)
–

 
Basin scale long‐time averaged SST is negative 

 
correlated with surface wind speed

 Cool ocean was thought to be passive for 

 
atmosphere.

•
 

High resolution
 

studies (after early ’00s)
–

 
Surface winds exhibit narrow structures anchored 

 
on oceanic currents.
Cool ocean can be active for atmosphere.

Air‐sea interaction over cool ocean

Gulf Stream:

 
Chelton et al. (2004)

Kuroshio in the ECS: 

 
Xie et al. (2002)

Kuroshio in south of Japan: 

 
Nonaka and Xie (2003)

Agulhas Return Current: 

 
O’Neill et al. (2005)  Brazil Malvinas Current: 

 
Tokinaga et al. (2005) 

10‐m wind speed

10‐m wind curl
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After early aughts, by  a satellite of QuikSCAT launched in 1999, high resolutional long-term sea surface wind data is stored.
This observation revealed that surface wind exhibit narrow structures anchored on SST front along with strong oceanic current over the whole entire world.
This figure shows the geosrrohic surface current speed.
For example, Xie et al., shows that seasonal averaged winter surface wind speed is accelerated along the Kuroshio in the east china sea.
Also Chelton found annual climatological narrow surface wind curl along the Gulf Stream. 

It is always problem that whether the ocean cause atmospheric motion or the atomosphere cause oceanic phenomena. 
In this case, because spatial scale of atomopheric motion is generally much larger than that of oceanic currents,
So we can say that these narrow structure indicated the evidence that mid-latitude cool ocean can be active for atmosphere near the SST fronts along the strong oceanic currents, .



Atmospheric response to the Gulf Stream
Upward wind

 
(operational 

 
analysis）

High cloud frequency

 
(satellite)

Rain rate (mm/day) 

 
(satellite)

[Minobe et al. 2008]

How the surface wind 

 convergence is occurred?

Gulf Stream

10‐m wind convergence  
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•

 

High‐reso. 3D studies

 

(Late ’00s)
–

 

Deep upward wind, high‐cloud, 

 
enhanced precipitation are found 

 
over the surface convergence zone.
•

 

Gulf Stream: Minobe et al. (2008)
•

 

Agulhas return cur.:

 

Liu et al. (2007)
•

 

Kuroshio ext.: Tokinaga et al (2010)



 

SST fronts affect 

 
the entire troposphere
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Then, lets introduced atmospheric response to the Gulf Stream in detail.
This figure shows the again geostropic current speed, and SST contour.
As you know, The Gulf Stream is the most strong western boundary current in the northern hemisphere.
The Gulf Sream bring a lot of warm water, and forms strong SST front on its shore side.
The stream move toward the north along the Florida peninsla, then leave the shore around 35 degree north, and move eastward to the Grand Banks, finally move northeastward to the Europe.
As I showed, satellite observation exhibit surface wind convergence on the warm flank of the SST front, and divergence on the cold flank.
The atmospheric response is not restricted near surface.
Minobe et al. revealed that ~
That is, the atmospheric response to the SST front affect the entire troposphere.
Then how the 

では，今回のテーマである湾流に対する大気応答の詳細をみていきましょう．
湾流は，みなさんもご存じのとおり，北半球で最も強い海流です．
この図は衛星海面高度計によって得られた表面地衡流速です．
フロリダを越えたあたりで岸を離れ，50度Wほどまでまっすぐ東にすすみ，そのご北東へと流れていきます．
南から大量の暖かい水を運び，流軸の岸側に強いSSTフロントを形成します．
先ほども紹介したとおり，SSTフロントの暖かい側に表面風の収束が，冷たい側に発散が生じます．
大気応答は衛星観測で得られる表面に限られたものではありません．
2008年，湾流に沿った収束域では，300 hPa を越えるような深い上昇風が生じていることを Minobe et al が報告しました．
さらには高い雲や，多量の降水が形成されていることも明らかになりました．
このような対流圏応答は近年数多く報告されています．
We must 
このような～な応答を理解するためには～な表面風収束のメカニズムというものを理解する必要があります．



Mechanisms of wind response to SST fronts
Downward momentum mixing 

 
mechanism

 
（Wallace et al. 1989）

Pressure adjustment mechanism

 (Lindzen and Nigam 1987)
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Which is the primary mechanism?
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To explain the surface wind speed change, two major mechanisms are proposed.
The one is Downward momentum mixing mechanism and the other is pressure adjustment mechanism.

In the downward momentum mixing mechanism, surface wind is forced by momentum mixing with upper level fast wind.
If the upper level wind blow across the SST front, surface air temperature SAT is colder than SST for a while.
In such a condition, atmosphere is very unstable. 
So the momentum mixing is enhanced, and the surface wind speed is increased.
After the SAT adjust to the SST, the mixing and the wind speed is return to original state.
Therefore, the surface wind divergence occur on the cold flank of the SST front, and the convergence on the warm flank of the front.

In the pressure adjustment mechanism, we consider the situation after air temperature adjust to the SST.
Because warm air is lighter than cold air, surface pressure on the warm side is lower than cold side. 
Then the surface wind is accelerated from cold to warm side.
Therefore, the surface wind divergence also occur on the cold flank of the SST front, and the convergence on the warm flank of the front.

Previous studies showed that the both mechanisms contributed to the atmospheric response to the Gulf Stream.

TO work downward momentum mixing mechanism, downwind SST gradient is required.
Chelton showed that the surface wind divergence is proportional to downwind SST gradient around the Grand banks.

In the pressure adjustment mechanism, the surface convergence should correspond to relative low pressure region, 
namely correspond to positive Lapalacian of sea level pressure region.  
Minobe showed that the surface wind convergence is proportional to the SLP pressure Laplacian over the whole Gulf stream region.

So, both the mechanism seems contribute to the response, 
however such a qualitatitve method based on spatial correlation cannot show the relative contribution of each mechanism.

Which is the primary mechanism?
This is our goal of this presentation.



2. MODEL AND METHOD



Momentum budget analysis

•
 

Conventional diagnostics: 

 momentum budget at a certain height
–

 

Tropics: Small et al. (2003); The gulf Stream: Wai and Stage (1989), 

 Song et al. (2006); Southern ocean: O’Neill et al. (2010); Idealized 

 front:  Spall et al. (2007), Skyllingstad et al. (1989)

•
 

Our new diagnostics:

 momentum budget of a vertically integrated air column
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To evaluate the primary mechanism, many researchers used the momentum budget analysis in some regional models for the response to SST fronts around the world..
These studies diagnosed usual, namely momentum budget at a certain height.
While on the other hand, our new diagnostics analyzed the momentum budget of an air column integrated from sea surface to a certain height Z.
In our diagnostics, U is the vertically integrated momentum, A is the vertically integrated horizontal advection, P is the vertically integrated pressure, tau Z is the momentum input from aloft, and tau 0 is the surface wind stress.

previous studies have considered a net acceleration due to vertical mixing. 
On the other, we separately consider the momentum input from aloft and surface wind stress dumping  by vertically integration.
This correction can make a big difference, though it may seem a minor detail.
Next a few slide, I will talk about why we need new diagnostics instead of conventional diagnostics.



In the case of pure downward 
 momentum mixing mechanism
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Our new diagnostics show contribution 
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First, lets consider the most simple case, the case of pure downward momentum mixing mechanism.
Now, constant upper level wind u2 blow over SST front from north west to south east.
Momentum input from aloft tau Z is function of SST times u2, 
and momentum dumping due to surface wind stress is assumed to be proportional to the surface wind speed u1.
In steady state, or long-time averaged field, momentum input tau Z and dumping tau 0 must balance.
So the surface wind speed u1 is detemined by this relationship.

Our diagnostics can show the contribution of the downward momentum mixing like this,
On the other hand, the conventional diagnostics show only balanece, cannot show the contribution.
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and the pressure adjustment 
 mechanism
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Next, we consider a little bit more complex case, the case of the downward momentum mixing and the pressure adjustment mechanism.

If the acceleration due to pressure gradient is 1and the downward momentum input is 10.
To satisfy the momentum balance, the dumping due to surface wind stress is -11.
In this case we can regard the downward momentum input as primary forcing.
Our diagnostics represent this result naturally.

However, because the conventional  diagnostics dose not separate the momentum input and dumping,
The net vertical friction term always work as just dumping, cannot represent the primary forcing.



Diagnostics for convergence
•

 
Our basic equation:

Pressure adjustment mechanism should cause 
 convergence through surface stress.

•
 

Considering  that         is linear sum of each forcing,

•
 

can be treated as  
UZPAUkf
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Diagnostics for convergence.
If we take a cross derivation to vertically averaged momentum equation,
It seems there is no information of the pressure adjustment mechanism.
Recalling so called frictional convergence theory, the pressure adjustment mechanism should cause convergence through the surface stress.

Now considering that tau 0 is balance with linear sum of each forcing,
Such as the downward momentum mixing, the pressure adjusment mechanism, horizontal advection and so on.
So we can assumes that  tau0 is propotional to vertically integrated momentum, 
Where  epsilon is a dumping time scalle of the vertically integrated momentum due to surface stress.

Our basic equation can be written as this.
The replacement tau0 with epsilon U is only an assumption in our diagnostics.
In the result section, I will check for assumption.
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Diagnostics for convergence

•
 

Diagnostic equation for convergence is:
M1

 

=[ε/(ε2+f2)]x

 

+[‐

 
f/(ε2+f2)]y

 
M2

 

=[f/(ε2+f2)]x

 

+[ε/(ε2+f2

 
)]y

Pressure 

 
adjustment

Downward 

 
momentum 

 
mixing

Horizontal 

 
advection

The most important
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 then our diagnostics for momentum convergence is written as this form.
This indicates that the vertically and time averaged momentum convergence can be expressed  by the sum of contributions from the downward momentum input, the pressure gradient, and the horizontal advection.
These terms are called downward momentum mixing, the pressure adjustment , and advection mechanisms, respectively.
This form looks so complex, but the important terms are only this one and this one as we will show.



Experimental design

•
 

Model: IPRC Regional Climate Model 
 (Wang 2002)

•
 

Domain:
–

 
100°W‐20°W

–
 

5°N‐65°N
•

 
Resolution
–

 
Horizontal: 0.5°

–
 

Vertical: 28 σ
 

layers
•

 
Period: 5 years 

 (Dec. 2001‐
 

Nov. 2006)
•

 
Boundary condition
–

 
Lateral: NCEP reanalysis 1 (6hourly, 2.5°)

–
 

SST: NCEP Real Time Global SST (daily, 0.5°)
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We apply this diagnostics for a atmospheric model developed by International Pacific Research Center of Hawaii University.
To represent the precise atmospheric response, in particluar the pressure adjustment mechanism, large domain is required for atmosphere adjusting to SST. 
Our experiment domain covers the whole western North Atlantic with 0 point 5 degree horizontal resolution, and 28 vertical sigma layers.
This domain is enough large for the adjustment.

Furthermore,  previous momentum budget analysis studies analyzed only the result of model integrations from several hours to several months.
However, as I introduced at first, the atmospheric response over cool ocean are found in long time-scale, such as annual climatological field.
Therefore, we integrated the model 5years, after 1month spin-up.
This long-time integration enable us to analyze seasonal change of the atmospheric response.

The NCEP re-analysis 1 with a resolution of 2.5°at 6-houly intervals was used as the initial and lateral boundary condition, and NCEP Real Time Global SST with a resolution of 0.5°is used as the daily surface boundary condition. 




3. RESULT
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Let’s move to the result.



Reproducibility of the 10‐m wind conv.
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Spatial corr.：

 
0.90
Spatial regr.：
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Satellite

IRA
M

Spatial pattern is successfully 

 captured by the model.

Annual climatology of 10‐m wind  convergence 

 
(color), SST contour, wind vector
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To begin with, we examine whether or not the regional model can reproduce the major features of the surface wind convergence around the Gulf Stream,
 by comparing the model results with the satellite observation by QuikSCAT.

Left panels show the annual climatological 10-m wind convergence in color, SST contour and wind vector.
The top panel is obtained from the regional model, and bottom panels is from the QuikSCAT satellite again.
The model also exhibit surface wind convergence (divergence) on the warm (cold) flank of the Gulf Stream SST front. 
The spatial correlation in the Gulf Stream region enclosed by thick black line between the model and satellite data is as high as 0.90. 

Although the modeled magnitudes of wind divergence/convergence are somewhat weaker than observed ones,
this model deficiency does not alter the main conclusions as discussed below. 




Reproducibility of the tropospheric response
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Next, these show the reproducibility of the tropospheric response.
Left panels show the annual climatological precipitation obtained from the regional model and a observation based precipitation of TRMM3b43.
Right panels show the climatological upward wind at 500 hPa obtained from the model and operational analysis by ECMWF.
As you can see, these spatial pattern is also successfully captured by the model.





Validation of the diagnostics

Original conv.

D
iagnosed conv.

Annual climatology of

 
vertically averaged momentum convergence
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Total diagnosed 

 
convergence

Model original 

 
convergence Spatial corr.：

 
0.95
Spatial regr.：

 
1.01

This ascertains the validity of the assumption.

The surface winds are well represented by the 

 vertically averaged momentum
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As described before, our diagnostics have an assumption that surface wind stress is proportional to the vertically integrated momentum.
Now we check for the validation of our diagnostics.
Since annual climatological boundary layer height is between 700 and 1200 m in the model,
The integrated height Z is set as 100 m.

Left panels show the vertically averaged momentum convergence.
The top panels is total diagnosed convergence, and the bottom is model original convergence.

The spatial correlation  coefficient between them is 0.95, and the regression coefficient of the diagnosed convergence onto the original convergence is 1.01.
This ascertains the validity of the assumption,
 and thus this result assures that the divergence/convergence can be divided into three terms, the downward momentum mixing mechanism, the pressure adjustment mechanbism and the contribution of horizontal advection.
.Also, as you can see, the diagnosed divergence/convergence of momentum shares the major features of the 10-m wind divergence/convergence.
This confirm that the surface winds are well represented by the vertically averaged momentum 



Contribution of each mechanism

Pressure 

 
adjustment

↓mixing

H. advection

18

Regr.：‐‐‐
RMS: 3.08

Regr.：0.69
RMS: 3.14

Regr.：0.34
RMS: 2.25

Regr：‐0.03
RMS: 0.69

Total diagnosed 

 
convergence
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This is a main result of this study.
These 3 panels of first appearances show the contribution of each mechanism. 
Downward momentum mixing, pressure adjustment mechanism, and the contribution of horizontal advection.

As you can see, the spatial pattern of total convergence near the Gulf Stream is very similar to that of the pressure adjustment mechanism.
The downward momentum mixing mechanism create convergence only around 50 degree west. 
And contribute only to the divergence of cold flank of the SST front.

This indicates that the amplitudes due to the pressure adjustment mechanism are generally larger than those due to the other mechanisms. 

Contributions from each mechanism can be measured with a spatial regression.
 The spatial regression coefficient of the convergence due to the downward momentum mixing onto the total diagnosed divergence is 0.34, that due to the pressure adjustment mechanism is 0.69, and that due to the advection is -0.03. 
Consequently, the pressure adjustment mechanism predominantly works in the Gulf Stream region, explaining about 70% of amplitudes of the total divergence/convergence. 
And  the downward momentum mixing secondarily works, explaining about 30%.
Since the contribution of the advection mechanism is one order smaller than the other mechanisms in whole region, the advection mechanism is ignored hereafter. 





Spatial pattern of the pressure 
 adjustment mechanism
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Pa/m2
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Pressure 

 
adjustment

Minobe et al. [2010] 

High‐pass filtered ICOADS climatological SLP 

Spatial pattern of the pressure 

 adjustment mechanism is 

 explained by SLP Laplacian, 
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The spatial pattern of the wind convergence/divergence due to the pressure adjustment mechanism is characterized by the wind convergence (divergence) on the warm (cold) flank of the SST front, consistent with a short (less than a day) regional model experiment for the Gulf Stream.
A further division of the contribution of the pressure adjustment mechanism indicates that the first term with the Laplacian of pressure, is dominant. 
Indeed, the SLP Laplacian essentially explains the convergence pattern due to the pressure adjustment mechanism. 
The positive SLP Laplacian is associated with vast ocean-to-atmosphere turbulent heat fluxes over the Gulf Stream.
Heat flux warm the marine-atmospheric-boundary-layes and cause relative low pressures. 
Consistent with the present result, Minobe et alrecently found relative low SLPs on the warmer flank of the Gulf Stream SST front using historical marine meteorological observations, ICOADS. 




Spatial pattern of the downward 
 momentum mixing mechanism

Downwind SST 
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Spatial pattern of the downward 

 momentum mixing mechanism is 

 explained by downwind SST gradient.
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The downward momentum mixing mechanism, on the other hand, contributes to the wind divergence/convergence mainly over the eastern, east of 60W Gulf Stream.
This yield the convergence in the western side of the sharp curve of the SST front around the Grand Banks and the divergence over the meridionally running front east of 50W.
 This spatial pattern is well represented by downwind SST gradient, using 10-m wind vectors and, as suggested by previous studies.
 
Furthermore, the modeled downwind SST gradient is similar to the observed one based on QuikSCAT winds, 
though in the observed positive values corresponding to the wind convergence around the Grand Banks are much weakened from those in the model. 
Over the Gulf Stream, winds generally blow from cold to warm SSTs,
 and thus cannot yield convergence due to the downward momentum mixing mechanism, which should provide acceleration and divergence as discussed above. 
Therefore, the relatively low amplitude of 10-m wind convergence in the model relative to observations is not likely due to deficiencies in the downward mixing response
 and are more likely due to a somewhat weak pressure adjustment response in the model compared to observations. 




Seasonal dependeincy
RMSs  of monthly climatological 

 diagnosed convergence
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p. adjustment
Total conv.

↓mixing

h. advection

SST gradient

 
（10‐5

 

K/m）
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Our long-term, 5 years integration of the model, enable us to 
The present diagnostics have also been applied to the seasonal dependency of the surface wind convergence over the Gulf Stream.
This panel shows root mean square of monthly climatological diagnosed convergences.
This indicate that the contribution of the pressure adjustment mechanism is larger than that of the downward momentum mixing mechanism year around.

The total convergence is relatively strong in winter and weak in summer.
This seasonal pattern is consistent with strength of the SST front. 
SST gradient is also large in winter, and weak in summer.



4. SUMMARY



Summary

•
 

We apply new diagnostics for 5 years integration of 
 IPRC regional climate model.

•
 

The dominant (70%) pressure adjustment mechanism 
 and the secondary (30%) downward momentum 

 mixing mechanism coexist for the surface wind 
 divergence/convergence over the Gulf Stream.

•
 

The contributions of these mechanisms are 
 qualitatively explained:

–
 

the SLP Laplacian for the pressure adjustment mechanism, 
–

 
the downwind SST gradient for the downward momentum 

 mixing mechanism.





Seasonal changes
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Omega とかも並べてみる



ε=1.96×10‐4

 

/s

Total diagnosed 

 
convergence

Total diagnosed 

 
convergence
(constant ε)

Spatial corr.：

 
0.95
Spatial regr.：

 
1.01

Spatial corr.：

 
0.94
Spatial regr.：

 
1.11
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