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1.)The above fields were generated by taking the monthly plan view data on constant pressure surfaces for December, January, and February for all years from 1949-2003 and then time averaging (or JJA). Looking at the local winter flows we can see that the 850 hPa flow in the Northern Hemisphere has strong (order 15m/s) but zonally discontinuous jets, one over the Pacific at 40 degrees latitude with a maximum in the West Pacific and a somewhat weaker jet in the Atlantic, at the same latitude. The jets are not purely  zonal; they have a tilt to the North, downstream. At 250 hPa, there is a very long Asiatic jet, extending over the entire Asian continent at about 30 to35 degrees latitude and with a maximum wind speed of order 60 m/s over Japan. The Atlantic jet is weaker with a maximum of order 50 m/s right over the East Coast of the US.  In regards to the dynamical cause of the zonally discontinuous jets, I think there are really three concurrent mechanisms controlling the mean jet location; land sea thermal contrasts (zonally variant diabatic heating), orography acting as Rossby wave guides, and eddy mean flow interactions. The direct forcing on the system is the diabatic heating and orography; these forcings set up a jet with zonal variations and that jet will support eddies with zonal variations. Those eddies feedback on the mean flow and this process continues until the jet is situated in a position in which it is stable (eddy-mean flow interaction no longer distorts the jet.) The situation is probably more complicated as dynamicists like to distinguish between a subtropical jet which is driven by angular momentum conservation and a polar front jet driven by eddy momentum fluxes as discussed above… I’ll talk about this a bit in question 2. 
The Southern Hemisphere winter flow is more continuous and extends more zonally around the 30 degree latitude circle at 250 hPa with a maximum of order 50 m/s. There are zonal variations, with a maximum above New Zealand but not as many zonal variations as in the Northern Hemisphere. We can attribute this to the smaller land mass in the Southern Hemisphere leading to smaller zonal land sea thermal contrast and orographic affects. The Southern Hemisphere is still a complicated beast and often shows a split jet in the Winter at the New Zealand longitude but not all longitudes; this can be seen in the 850 hPa plot and will be discussed further in 2. In general, the 850 hPa jet is also quite continuous but is centered at about 45 degrees latitude. This again suggests that there are two different jets operating at different latitudes and heights. The take home point is that there are fewer zonal variation in the Southern Hemisphere at both levels due to the smaller land mass and therefore zonally variant forcing.
2.) I’ll diagnose the vertical velocity shear from the plan view plots below of the thermal wind, calculated by subtracting the 850 hPa fields above from the 250 hPa fields (for the same seasons). From these, we see that the vertical velocity shear in the Northern Hemisphere, around Japan, is of order 60 m/s in 600 hPa (centered on 550 hPa). The corresponding value in the Southern Hemisphere, North of Auckland New Zealand, is of order 50 m/s in 600 hPa. The Westerlies increase with height consistent with a meridional temperature gradient with colder temperatures toward the poles, according to the thermal wind relation:

[U(250)- U(850) ] = Uthermal =[ (R/f) · dT/dy|P · log(P1/P2)]

For the Northern Hemisphere

f=f0*sin(35)=(2*2*pi/(3600*24(s)))*sin(35)=1.4*10^-4 (s^-1)

[Uthermal ]= 60 m/s = [(287.1 J-kg-1-K-1)/(1.4*10^-4 (s^-1))] dT/dy|P [ln(850/250)]

and

dT/dy|P= dT/dy|z  = 2.3908e-005 (K/m)= 2.6538 (K/degree latitude)
For the Southern Hemisphere.

[Uthermal ]= 50 m/s = [(287.1 J-kg-1-K-1)/(1.4*10^-4 (s^-1))] dT/dy|P [ln(850/250)]

and

dT/dy|P= dT/dy|z  = 1.9923e-005 (K/m)=  2.2115 (K/degree latitude)

Although I have only considered magnitudes, the increasing of Westerlies with height in both Hemispheres is consistent with colder temperatures towards the poles. These values seem slightly high to me when reported in degrees C per degree latitude as sustaining that temperature gradient would imply an equator to pole temperature gradient of order 200 K. However, the meridional temperature gradient reaches a strong maximum value (at levels in between 850 hPa and 250 hPa) in the mid-latitudes and the general picture is consistent with the NCEP- reanalysis temperatures at 500 hPa (indicating a comparable temperature gradient as calculated above). 

DJF Temperature at 500 hPa
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The conclusion that the question is guiding the student towards is that the local winter time meridional temperature gradient is weaker in the Southern Hemisphere because there is more ocean relative to the Northern Hemisphere and the air above the ocean does not cool to its full (cold) equilibrium value due to the large thermal capacity of the ocean-atmosphere system. I think it’s more appropriate to say that the atmosphere does approach the winter time equilibrium value in the poleward Southern Hemisphere regions but that value is warmer than it would be with out the ocean because the ocean is giving up heat to the atmosphere (heat which it absorbed during the summer). So we would expect a larger winter-time meridional temperature gradient in the Northern Hemisphere due to the smaller heat capacity of the system. 

I hate to be the constant dissenter, but I don’t think the data supports this. Looking at a meridional cross section of the zonal mean winds during local winter, I would say that there is an equivalent zonal shear (equals meridional temperature gradient) in both Hemisphere’s. In the zonal mean, we can see a hint of a double jet in the Southern Hemisphere and we can also note that the summer jet maximum is displaced well poleward and that there is actually a stronger meridional temperature gradient in the mid-southern latitudes during the summer. This is consistent with Trentberth’s observations (Trentberth, Dynamics of the Southern Hemisphere Storm Tracks, 1991). There, he also notes the tendency for the subtropical and polar front jets to split around the longitude of New Zealand during the Southern Hemisphere Winter.     
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If we look at a meridional cross section of the zonal velocity at the longitude of New Zealand, we can indeed see the separation of the subtropical and polar front jets. I really have never understood the dynamical distinction of the jets but have loosely heard the subtropical jet referred to as being driven by a conservation of angular momentum while the polar front jet is driven by eddy momentum flux convergence. The point being, in the climatologically mean, the jets will certainly obey geostrophic and hydrostatic balance and therefore satisfy the thermal wind relationship, but the cause of the thermal gradient could be dynamic(angular momentum flux and eddy momentum flux), not thermodynamic (contrasting heat capacities due to land sea contrast.) We should also  note that there is incredible vertical shear at 30 S but it is aloft… therefore, I would attribute this to momentum fluxes and not to surface heating. I would attribute the zonal location of the Northern Hemisphere thermal wind maximum to land sea thermal contrasts associated with the Southwest-Northeast orientation of the Asian coastline (associated meridional gradient of heat capacity).  
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3.)
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This plot conveys much of the same information discussed in the previous questions, including the strong, zonally discontinuous jets over the Atlantic and Pacific in the Northern Hemisphere. As discussed previously, we can attribute this zonal variations to 1.) topography 2.) diabatic heating, including differing heat capacities and mean cloud properties between land and sea 3.) eddy-mean flow interaction and 4.) tropical SST acting as a waveguide. The last forcing has not been discussed here but is well discussed in the media as ENSO is frequently said to control the ski season by modulating the propagation of planetary scale waves and thus affecting the storm tracks. In general tropical sea surface temperature gradients act as Rossby wave guides, and thus explain a lot of the variance (especially inter-annual variability) in the mid-latitudes. 

The zonal anomalies tend to be positioned upstream and downstream of major mountain ranges and I think topographic forcing of large scale atmospheric wave also explains much of the zonal variance in geopotential height.

4.) Comparing the spatial gradients of geopotential (geostrophic winds) and the spatial gradients of zonal anomaly geopotential, we can say that the zonal anomalies in geostrophic winds are smaller than the mean state winds. Over the strong jets, we see geopotential gradients of order 600-800 meters over the extent of the US where as the geopotential zonal anomaly gradients are more like 80 m over the same spatial extent. Once again, the Southern Hemisphere split jet during the Southern Hemisphere over the longitudes of New Zealand shows up in the zonal geopotential anomalies; the zonal geopotential anomalies here indicate a stronger than zonal average jet to the North and South of New Zealand and the zonal anomalies have associated (deduced from geopotential spatial gradients) winds that are of order half of the zonal mean flow. During the Northern Hemisphere winter, we see a ridge over the Pacific Coast of the US and the associated zonal anomaly winds look like they are of order half the zonal mean winds. 
5.) This variable is calculated by taking the daily geopotential height at 250 hPa over the winter season, and subtracting the nine day running mean of geopotential at each spatial location to produce a temporal anomaly. The temporal anomaly is then squared (so that positive and negative anomalies don’t cancel out) and then rooted. This field tells us the magnitude of perturbations on scales of less than 9 days. Variations on these time scales are associated with weather systems moving past a location and this field can be roughly thought of as the magnitude of weather. 
   Temporal Geopotential Pertubation (variance on scales less than 9 days)
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6.) The storm tracks tend to be poleward of the upper level jet in the Northern Hemisphere and are nearly co-located with the upper level jet in the Southern Hemisphere. In the modern climate, the Northern Hemisphere storm track is displaced poleward of the jet stream in all seasons. However, this is not a dynamic necessity and is fairly sensitivity to the baroclinic (low level temperature gradient) and barotropic (meridional shear of absolute vorticity) components of the jet and how they interact. For example, in the glacial, the storm tracks and jet stream are co-located. My opinion is that the upper level barotropic shear controls the relative position of the storm track. I’ve included a plot of upper level eddy momentum fluxes (v’v’- another diagnostic of storm activity-colored) for the modern and LGM from CAM3 model output co-plotted with zonal velocity, both a 200 hPa. 
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Another noteworthy point is that the storm tracks placement relative to the jet stream could be a consequence of the non-zonal nature of the jet-stream, which is especially prominent in the Atlantic. 

In general, the storm tracks are strongest in the winter. The Southern Hemisphere storm track has zonal variations which tend to alternate with the seasons, perhaps in conjunction with the split jet. I have also read (Trentberth, 1991) that low level baroclincity is strongest in the Southern Hemisphere during the local summer and perhaps this low level baroclinicity is contributing to the stronger than expected Southern Hemisphere storm track during their summer. There are also some irregular seasonal anomalies in the Northern Hemisphere, over the Pacific where, in the middle of the winter, low level baroclinicty and jet stream winds are simultaneously a maximum, but the storm activity is reduced. This is general attributed to the barotropic shear reducing the baroclinic eddies from fully growing or the strong winds blowing the disturbances through the zone of strong baroclinicity  before the storms can develop.
Pacific Thermal Gradient and Jet Stream Strength co-plotted with Storm Activity 
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7-8.) To calculate the annual mean planetary wave fluxes, I took the monthly fields from January 1997 to January 2001 and subtracted the time averaged, zonal average from the time average (no spatial average) fields to calculate the zonal anomaly fields of temperature, zonal velocity and meridional velocity. I then multiplied the time mean zonal anomaly temperature and meridional velocity and the zonal velocity and meridional velocity to get the planetary wave heat and momentum transports at all locations and heights. I then zonally averaged to get zonal averages in the meridional plane.
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     To generate the transient fluxes, I took the zonal velocity, meridional velocity, and temperature fields from 1997-2001 and subtracted the nine day running means, centered on the times of the original data. I then multiplied the temporal anomalies of temperature and meridional velocity and meridional velocity and zonal velocity to get the fluxes at all times and 3d locations. I then time averaged and zonally averaged to get the transient fluxes in the meridional plane. I know the first question asks about Northern Hemisphere winter only… I have only included the annual average plots here because those are the first ones I plotted. I generated the winter time maps using only the winter months in the data. 
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For the purpose of answering this question I have included some available CAM3 diagnostic plots (with a cleaner presentation for) for the winter only.
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The eddy momentum fluxes by both planetary and transient eddies both have similar structures in the Northern Hemisphere winter with a maximum at 300 hPa at 30 degree and a negative values toward the poles. The stationary momentum flux shows more structure with an Easterly momentum flux to the North at the equator and a strong dipole of positive and negative momentum fluxes in the middle and polar latitudes where as the transient momentum flux is better characterized by a single, positive , mid-latitude maximum. The transient momentum flux has a greater maximum value than the stationary momentum flux, but, owing to the tripole nature of the stationary momentum flux, the momentum flux divergence by the transient and stationary eddies are nearly equal. Both plots show a divergence of momentum flux in the low latitudes and momentum flux convergence poleward of 30 degree with a maximum at about 45-50 degrees. Hence, in our earlier discussion of the dynamical causes of the polar front jet, we can say that the eddy momentum flux convergence helps to drive this jet and that the stationary eddies do most of the work (the tight flux gradient indicates strong momentum convergence in a narrow region by the stationary eddies). The stationary waves also show a strong transport of momentum away from the tropics in both Hemisphere’s, presumably linked to zonal anomalies in the Hadley circulation at the ITCZ. Note; the momentum flux divergences switches signs equatorward of the maximum in momentum flux due to geometric factors. In general, this is not a trivial adjustment and the first project indicated this affect offsets the convergent/divergent boundary from the flux maximum by of order ten degrees latitude. This will also be true of the heat flux divergence.

The eddy heat fluxes by the transient eddies show a low level maximum at 45 degrees and an upper level maximum at 60 degrees. The general structure of the transient heat flux is well characterized as a single maximum positive value with some vertical structure. The stationary heat flux shows a strong low level maximum at 50 degrees and negative values centered very poleward at 500 hPa. The upper level maximum is not as apparent in the stationary heat flux. The stationary and transient eddies each pull a comparable amount of heat, although the stationary eddies transport more heat in the tropics. There, we see substantial negative heat transports perhaps associated with the upper branch of the Hadley Circulation (for this to be true, we would need to have zonal anomalies in the strength of the Hadley circulation which seems plausible to me).There is heat flux divergence equatorward of about 35 degrees and convergence poleward of this latitude. For the stationary heat flux, there is divergence of heat near the North pole in the middle atmosphere which is most likely associated with polar inversions. 
9.)
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During the winter, we see an enormous latent heat flux from the ocean to the atmosphere over the gulfstream (maximum value of order 300 W/m^2). We also see a strong wintertime sensible heat flux from the warm ocean current to the colder atmosphere at the same time (maximum value of order 120 W/m^2). In general, the air is cold (and presumably dry, or under-saturated) during the winter where as the ocean in this region is warm due to Southerly advection. The result is both a large air-sea temperature gradient and saturation vapor pressure above water ratio to partial pressure of water in air ratio, driving  large sensible and latent heat fluxes. In general, and in accordance with class notes, the latent heat flux is the dominant term in the surface ocean heat budget, above the gulf stream and elsewhere. However, in the case of the surface fluxes associated with the gulf stream in the winter, the latent heat flux is dominant over the sensible heat flux, but not to the extent indicated in class notes (for the global budget). 


During the summer, the surface heat fluxes from the gulf stream decreases in magnitude due to the increased air temperature above the warm current. Instead, we see the surface heat fluxes are dominated by the sub-tropical highs where we see large scale subsidence resulting in dry air. These regions also tend to be cloud free, leading to large radiative fluxes to the atmosphere. This energy can be used to drive evaporation into the relatively dry but hot atmosphere. Here, we see latent heat fluxes are orders of magnitudes greater than sensible heat fluxes, which is more consistent with the global scale energy budget analysis presented in class.

10.) I’ll first estimate the surface velocity in the gulfstream by noting that the sea surface height gradient shows a decrease from 50 cm to -50 cm in span of about 3 degrees of  latitude. This corresponds to a distance of.

(3/360)*2*pi*(radius Earth) =3.33*10^5 m 

and a pressure difference of 

del P = (del H) * (density)* g= 1.00 m * 1000 kg/m^3 *9.8 m/s^2= 9.8 *10^3 Pa (98 hPa)

we can  then calculate the geostrophic velocity (we will assume the flow is in geostrophic balance, we will also assume a constant density of order 1000 kg/m^3.
f=f0*sin(40)=(2*2*pi/(3600*24(s)))*sin(35)= 9.3490e-005 (s^-1)

[u]=[dp/dy]/(f*density)= [d(g*z)/dy)]/f=[(9.8m/s^2)*1m)/ (3.33*10^5m)]/ .93*10^-4s
[u]=.32 m/s 
This value is the right order of magnitude but slightly small. If we were looking to calculate the maximum gulf stream velocity, we could have chosen a smaller range over which the SSH gradient was tighter and would calculate something of order 1m/s which is in the right ball park of a maximum value but still somewhat small. If we assume that the gulfstream is contained with in the top 300m of the water column and extends over a distance of 3 degree latitude we get the discharge (volume flux) is
Discharge = [u] (width)*(height) =(3.33*10^5m) * (300m)*.32m/s=31.96*10^6 m^3/s

So the gulf stream transports about 32 sverdrups of water. Where we have assumed that the geostrophic velocity calculated before can characterize the mean flow of the layer with the stated geometry. Overall, I think this estimate is low and is due to the low surface velocity estimate. Below is a cross sectional profile of gulf-stream velocity from M. Tomczak and S. J. Godfrey indicating that our velocity estimate was indeed small and that perhaps our depth was also underestimated (although I took a large width to my cross section as well).
[image: image14.png]Cape Haterras

1000

depth
(m)

3000

0 200 km

speed




I have issues with the statement that the heat flux relates to the difference in temperature between the gulf stream and ambient waters. We can linearize around a mean state temperature and calculate a heat flux anomaly, but this is not the physical quantity heat flux, or flux of internal energy. Heat flux itself is a fairly meaningless physical quantity in the absence of a heat flux boundary condition; it is an important quantity on a global scale because spherical geometry implies no heat flux at the poles and therefore, the global average of heat flux convergence at poleward latitudes (equals heat flux divergence in the tropics) is related to the maximum heat flux. In a regional grid, with no heat flux boundary conditions, heat flux itself plays the equivalent role that a constant translational velocity plays in Newtonian Physics (i.e. no role). The real issue in this situation is that mass flux across a latitude circle must be zero so that there has to be a return flow somewhere. The relevant temperature for net heat flux through a latitude circle is the difference between the Northward flowing water and the Southward flowing water. In general, I think it’s more appopriate to consider the Southward flowing water to be at depth, not the ambient surface water. Either way, heat flux is related to temperature, not temperature anomaly (This isn’t Nam Kevin- there are physical rules).

 Heat flux convergence is the meaningful physical quantity. Perhaps the physics that the question is trying to get at is that, if the gulf stream heat eventually diffuses to a zonally invariant temperature distribution, then the heat flux convergence is equal to the zonal anomaly heat transported, divided by the area over which the heat diffuses (the area between the cross section in consideration and the zonally invariant temperature profile). For the purpose of this question, I will say that the gulf stream has a  zonal temperature anomaly of order 10 K, as deduced from the temperature difference between the water near the coast and the maximum in the middle of the current. The resulting zonal anomaly heat flux is;

(density) (volume/time) (heat capacity) (thermal anomaly)=

    (1000 kg/m^3)(32*10^6 m^3/s) (4184 J/(K*kg) (10K)= 1.3389e+015= 1.34 pW
11.) In order to compare to #9 we need to calculate a heat flux convergence. If we make the broad assumption that the heat transport anomaly calculated above is diffused within the width of the Atlantic (of order 60 longitude at 40 latitude = 4,000 km) and over 15 degrees latitude (1,500 km), we have a heat flux convergence of.

1.34*10^15 W/((4*10^6 m)*1.5*10^6 m)= 223 W/m^2

This is an upper end estimate given, mostly, my high estimate of the zonal anomaly temperatures and also my low estimate of the latitude range of the convergence (I’ve essentially assumed no heat flux by the Gulfstream North of 55 degrees North). The point is, that even if this is just an order of magnitude guess of advective heat flux convergence, the gulf stream contributes a very substantial amount of heat to the surface energy budget on a regional, if not global scale. Furthermore, although the atmosphere contributes more to the total meridional heat flux at the latitude being considered, 1 pW makes a substantial contribution to the global heat transport. I think many have misread Seager and Battisti to be saying the gulfstream doesn’t contribute to regional climate when they clearly state that their analysis says the Atlantic would be substantially colder were it not for the gulfstream (the Europe to US asymmetry is not very contingent on the gulfstream though) and this back of the envelope calculation is in general agreement with that conclusion.

12.)  We haven’t put the ocean and atmosphere heat transports in to comparable terms here as we looked at zonal mean eddy fluxes of heat and momentum by the atmosphere, surface energy contributions term by term in the ocean, and total heat fluxes by the ocean. In general, Trentberth has done the total heat flux calculations from NCEP re-analysis and has shown that the ocean transports a comparable amount of heat as the atmosphere in the tropics but that the atmosphere does the lionshare of the work poleward of 30 degrees. We saw earlier that the Stationary and Transient atmospheric eddies both contribute to the heat flux. Both transient and stationary eddies also transport momentum which drive the polar front jet. The mean circulation of the atmosphere is nearly zonal and therefore contributes little to the meridional heat transport but it does contribute indirectly by setting up the eddies which do must of the work.   
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