
Chapter 5.  Summary and Conclusions 

 

 Two cases of heavy rainfall were analyzed using observational data sets and model 

simulations.  The first case was the landfall of Hurricane Floyd in North Carolina in 

September 1999.  The rainfall associated with this system developed along a surface 

convergence zone stretching from North Carolina into Virginia.  The convergence was 

created as easterly and southeasterly winds ahead of the hurricane center became juxtaposed 

with northeasterly winds along the southern fringes of a surface anticyclone over the U. S. 

Northeast.  Along the convergence zone, a north-south oriented baroclinic zone formed as the 

cooler northeast winds converged with the warmer easterly winds over eastern North 

Carolina.  This baroclinic zone later developed into a coastal front.  On the western side of 

the baroclinic zone, a low-level cool air wedge developed along the eastern slopes of the 

Appalachian Mountains.  It was hypothesized that the mountains partially blocked the 

northeast flow, developing the wedge. 

 In addition to the convergence zone, a split upper-level flow developed over the 

convergence zone as the outflow from Floyd flowed toward the northeast and a highly 

ageostrophic mesoscale jet flowed to the northwest.  This mesoscale jet was collocated with 

the convection centered over central North Carolina.  It is thought that the jet developed as 

the latent heat release from the convection modified the upper-level height gradient.  

However, the development of the jet was outside the scope of this study.  The split flow was 

juxtaposed over the low-level convergence zone, enhancing the upward motion by upper-

level divergence.  A cross section across the convergence zone also showed that the rising 
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branches of the ageostrophic circulations associated with the mesoscale jet and hurricane 

outflow became coupled over the convergence zone, further enhancing upward motion.   

 Model simulations of Floyd's landfall were performed to determine what role hurricane 

intensity played in the rainfall development and what role did the Appalachians play in the 

development of the coastal baroclinic zone.  For the hurricane intensity issue, two 

simulations were performed, one using a "bogussed" vortex, or artificially enhanced vortex 

and the other using the standard NCEP Reanalysis data.  Without vortex bogussing, the track 

speed was slower than the observations.  Therefore, the landfall of the simulated hurricane 

was about six hours later than the observed landfall.  The slower track speed also delayed the 

development of the low-level convergence zone and development of the upper-level 

mesoscale jet by about twelve hours.  However, the timing of the cool air wedge 

development appeared unchanged.  Bogussing the vortex improved the track speed as the 

simulated hurricane made landfall around the same time as the observed hurricane and the 

low-level convergence and mesoscale jet formed around the same time as the observed 

features.  The cool air wedge formed about the same time as the observations and the 

nonbogussed simulation, suggesting the cool air wedge was not dependent on track speed or 

hurricane intensity.  Both simulations were able to simulate the coupled ageostrophic 

circulations, with the nonbogussed simulation indicating slower motion.  Rainfall totals for 

the bogussed simulation were higher than the nonbogussed simulation but both were 

comparable to observations over North Carolina.  Farther north, the bogussed simulation 

performed better due to the improved track speed. 

 A third simulation was made with the Appalachians at 50% of their original height.  This 

simulation was to see how the Appalachians affected the cool air wedge and baroclinic zone.  
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Results showed that decreasing the height of the Appalachians did not affect the cool air 

wedge and baroclinic zone, disproving the hypothesis that the Appalachians played a role in 

the baroclinic zone development.  A subsequent flat terrain simulation also verified this 

conclusion.  Based on the observations and simulations, the low-level convergence zone, split 

upper-level flow and the coupled ageostrophic circulations were the key features leading to 

the devastating rainfall over eastern North Carolina. 

 The second case studied was the MAP IOP-2B event, also in September 1999, over the 

concave region of the Italian Alps near the Lago Maggiore region.  Observations showed that 

a low-level convergence zone developed in the region as southerly pre-trough winds 

converged with easterly winds from eastern Italy.  These easterly winds were caused by 

southeast winds from the Adriatic impinging upon the eastern Italian Alps and turning to the 

west.  Also present was a low-level jet (LLJ), which transported warm moist air into the 

region.  This warm air impinged upon the southern Alps and rose, leading to condensation 

and rainfall development.  At the 300 hPa level, a trough was located to the west with a jet 

propagating around the base of the trough toward Italy.  

 Model simulations were made with sensitivity tests of the terrain.  The first simulation 

was a simulation in which the terrain over the entire domain was set to its normal height 

(denoted FULL).  A second simulation was made with the North African terrain set to zero 

(AFRICA0).  The purpose of this simulation was to see how the Atlas Mountains modified 

the airflow toward Italy.  A third simulation was made with the entire model domain terrain 

set to zero (ZERO) to study the importance of the atmospheric dynamics on the rainfall 

development.  
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 Results from the FULL and AFRICA0 simulations showed the development of the LLJ 

and surface convergence zone.  Coincident with the LLJ was a tongue of high θe air 

propagating from the Mediterranean Sea toward Italy.  This air impinged upon the mountains 

and rose over the concave region.  The ZERO simulation also simulated the LLJ and θe 

tongue but weaker convergence, due to the lack of mountains to focus the airflow.  All three 

simulations also simulated the upper-level jet moving over the area around the time of heavy 

rainfall with a thermally direct ageostrophic circulation over the heavy rainfall area.   

 Back in time trajectories were used to find the origin of low-level air parcels that were 

over the Alps at the time of heavy rainfall.  Most parcels originated over Africa and it was 

found that origin locations were changed with the reduction of the entire model terrain and 

the North African terrain by a few kilometers or by several hundred kilometers.   Parcel 

diagnostics showed that the AFRICA0 parcels tended to be more statically unstable and 

therefore more likely to rise.  This was reflected in the 48-hour rainfall for the FULL and 

AFRICA0 simulations, as the AFRICA0 simulated rainfall total was higher than the FULL.  

Both compared well with observations.  The ZERO rainfall showed the extreme importance 

of the Alps in the high rainfall totals.  Without the Alps, the rainfall was very low and 

oriented in a north-south direction, unlike the other two simulations where rainfall was very 

heavy and focused in the concave region. 

 In addition to studying Floyd and IOP-2B independently, a study was performed to see if 

Floyd's extratropical transition (ET) had any link to IOP-2B.  Previous studies had found that 

Atlantic hurricanes had impacted Alpine events in the past.  Two simulations, one including 

latent heat release (CNTRL), and the other without latent heat release (DRY) were made.  

The DRY simulation was run to see how a weakened tropical system would impact IOP-2B.  
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Results from the simulations showed that without latent heat release, the remnants of Floyd, 

an extratropical system near the British Isles, and an upper-level trough over the North 

Atlantic were weaker than when latent heat release was included.  CNTRL results over Italy 

revealed the same features that were seen in the independent IOP-2B case and these features 

were eliminated or dramatically weakened when latent heat release was not included.   

 Back trajectories from the western Alps showed that parcels over that region during the 

heavy rainfall event originated from the center of Floyd's remnants for both simulations.  In 

the CNTRL simulation, these parcels originated out of a southern extension of the polar jet 

that was associated with Floyd's remaining outflow.  This outflow did not exist in the DRY 

simulation but parcels did originate from the center of the tropical system.  Parcel 

diagnostics revealed differences in the air parcels that left Floyd and reached Europe.  These 

trajectories showed that a link did exist between Floyd's ET and IOP-2B. 

 The two cases simulated, Floyd's landfall and IOP-2B shared some common 

characteristics. Both involved an upper-level trough and jet.  For Floyd it was the 

development of a northwest directed mesoscale jet and its diverging flow from the 

hurricane's outflow over a low-level convergence zone.  The coupling of the two jets' 

ageostrophic circulation also proved crucial to the heavy rainfall development.  For IOP-2B, 

it was a single jet to the west of the heavy rainfall region and the rising branch of its 

ageostrophic circulation that proved important.  Both cases also involved a low-level 

convergence zone that initiated the convection that was later sustained by the upper-level 

features.  Low-level jets and high θe air were also important.  Although not shown, the 

hurricane itself provided a low-level jet to transport the warm moist air into North Carolina 

from the Atlantic.  In IOP-2B, the LLJ was in the southerly flow ahead of a low-level trough 
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and this jet transported the warm moist air from coastal North Africa over the Mediterranean 

to the Alps.   

 In contrast, the simulations showed that mountains had little to no effect on Floyd's 

rainfall.  It was the juxtaposition of cooler northeast flow and the warm easterly flow ahead 

of the storm that created the convergence and baroclinic zones.  In IOP-2B, it was clearly 

shown that the Alps played a very important role in rainfall development.  Without the Alps, 

the easterly flow that converged with the southerly flow would not have developed, as the 

mountains would have not deflected the southeasterly winds from the Adriatic. 

 All three studies clearly indicated the coupling between meso-alpha/beta scale upper-

level and lower-level jets' ageostrophic circulations were important in establishing the 

precursor environment to heavy precipitation.  This finding proves the hypothesis to be tested 

that was set forth in Chapter 1. 


