
ABSTRACT 
 
WILLISON, JEFFREY ANDREW.  The Role of Diabatic Processes in the North Atlantic 
Stormtrack.  (Under the direction of Dr. Walter A. Robinson). 
 
 
 Previous studies have revealed an important role for latent heating in various mid-

latitude cyclone cases studies, often at horizontal grid spacing on the order of 100 km. Our 

study uses simulations with 20 km grid spacing to demonstrate the importance of resolving 

mesoscale frontal features responsible for intense precipitation and latent heat release. We 

find a large sensitivity to horizontal resolution. The sensitivity is first demonstrated by 

analyzing a single case study, followed by 10 simulated winters over the North Atlantic 

stormtrack. The goal is to more accurately quantify the diabatic contribution to stormtrack 

dynamics and cyclogenesis, while bridging the gap between the climate modeling and 

synoptic dynamics communities. An enhanced positive feedback between cyclone 

intensification and latent heat release is seen at higher resolution for both synoptic and 

climate scales. The result is a systematic increase in stormtrack activity and eddy intensity. 

These results have implications for the general circulation and climate projections at large. 
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1. Introduction 

 

1.1 Motivation 

 Extratropical cyclones dominate mid-latitude weather and climate. Low-level 

baroclinicity, combined with abundant moisture and weak surface drag, result in 

concentrations of cyclone activity over the Atlantic and Pacific oceans that are called 

stormtracks. We address the importance of diabatic processes, namely latent heat release 

from condensation, occurring in mesoscale features that general circulation models (GCMs) 

resolve poorly. The current study focuses solely on the North Atlantic stormtrack, and 

bridges the gap between climate and synoptic scale investigations of extratropical cyclone 

development. 

 At the synoptic scale, individual storms can reach devastating intensities. For 

example, extratropical cyclone Klaus was the costliest weather event of 2009 (Liberato 

2011), and extratropical storm Xynthia claimed 62 lives in 2010 (Grumm 2010). The 

response of individual Atlantic cyclones to seasonal variations and climate change is of great 

interest to populations in Western Europe and the east coast of the United States.  

 Stormtrack activity and position also have implications for regional climate. Cyclone 

behavior affects stormtrack location and the eddy-driven jet by the flux of angular 

momentum (Orlanski 2002). A systematic poleward shift of activity could lead to regional 

climate resembling the positive phase of the North Atlantic Oscillation (NAO), which results 

in warmer winters and more precipitation in Europe and high latitudes. Such a shift may also 

drive a drying out of the subtropical mid-latitudes (Scheff and Frierson 2012).  
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 Mid-latitude eddy activity is also important for the general circulation. Peixoto and 

Oort (1992 – PO92) describe the role of eddies in the global energy cycle. Heating at the 

tropics and cooling at the poles produces large-scale baroclinicity, or mean available 

potential energy (MAPE). Eddies convert MAPE into eddy available potential energy 

(EAPE) through the meridional flux of heat (v'T'), with warm air moving poleward and cold 

air moving equatorward generating synoptic-scale baroclinicity. Vertical motions within 

cyclones (w'T') convert EAPE into eddy kinetic energy (EKE). EKE then feeds into the mid-

latitude mean jet, as the jet is largely maintained by eddy transport of zonal momentum (u'v'). 

Incorrect representation of eddy activity in climate simulations could consequently affect the 

entire global energy cycle. Gaps in knowledge about mechanisms influencing stormtracks 

remain. It is therefore imperative that we improve our understanding of weaknesses in model 

simulations of extratropical cyclones and their subsequent stormtracks.   

 A review of literature related to the current study follows. First, we describe the 

stormtrack and eddies that comprise it, and projections of stormtrack changes in a warmed 

climate are briefly discussed. Previously observed sensitivity of cyclone simulations to 

horizontal resolution is then presented. Finally, studies investigating the role of moisture in 

cyclone development are reviewed.  
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1.2 Literature Review 

 

1.2.1 Stormtracks 

 The forcing mechanisms responsible for the existence and location of stormtracks 

include orography, baroclinicity caused by land-sea temperature contrast, and warm 

boundary currents (Brayshaw et al. 2009). Enhanced land-sea temperature contrast and 

stronger westerly flow make the forcing stronger in winter. Stormtracks are also partially 

self-maintained by cyclones themselves. Warm water off the east coasts of continents creates 

baroclinicity through sensible heating, and ocean currents responsible for the warm water are 

enhanced by the low-level cyclone wind stress. Latent heat released during the eddy lifecycle 

also invigorates cyclogenesis and contributes to local baroclinicity along fronts (Hoskins and 

Valdes 1990 – HV90). Cyclone activity also feeds into the polar jets that provide upper-level 

forcing necessary for triggering cyclogenesis (Robinson 2006). The ability of cyclones to 

maintain an environment favorable to their own formation is an important characteristic of 

the stormtrack, and is discussed further in chapter 4.  

 The advent of global data sets allowed three-dimensional statistical descriptions of 

mid-latitude stormtracks as early as the 1970's. During this early time, time-series regressions 

and composites were used extensively to deduce a “typical” cyclone structure. Blackmon 

(1976,1977) found the 2.5-6 day component of bandpass filtered variables to be associated 

with eastward propagating baroclinic waves. Elongated variance maxima were coincident 

with strong eddy heat and momentum fluxes, located downstream and poleward of the jet 

streams. Blackmon et al. (1984a,1984b) continued this investigation with more detailed 
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temporal and spatial descriptions of the baroclinic Rossby waves. Shortwave activity was 

focused over the western Pacific and Atlantic oceans, thereby identified as stormtrack 

regions. Consistent with Blackmon's work, Wallace et al. (1988) used lag correlation maps 

and cyclone composites to identify wave structures associated with baroclinic eddies. They 

again found that the structures of baroclinic waves in the regressions corresponded well with 

stormtrack locations.   

 Lim and Wallace (1991 – LW91) used one-point regression maps to describe the 

structure of the baroclinic waves that comprise the Pacific stormtrack.  Using a base point at 

500 hPa over the center of the stormtrack, they regressed basic meteorological fields against 

highpass-filtered geopotential height.  Highpass filtering removes low-frequency signals, 

such as the NAO, and leaves behind variations that occur at timescales less than the highpass 

cutoff. The cutoff used by LW91 was 6.5 days. They found structures that exhibited 

westward tilt with height and were representative of baroclinic cyclones. The use of one-

point linear regression helps to combine the statistical analysis of a regional climate with the 

synoptic analysis of a specific feature. This method is limited, however, by the smoothing of 

non-linear processes, such as those associated with fronts, and the smoothing of case-to-case 

variations. 

 Chang (1993) performed one-point regressions over the North Pacific with unfiltered 

time series.  He describes structures similar to LW91, with westward tilt with height of 

geopotential, and wavelengths that are typical of synoptic eddies.  His method also revealed 

evidence of downstream development that was absent in LW91.  In the case of downstream 

development, a developing eddy upstream feeds energy to a downstream cyclone. The 
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process of downstream development has been noted in other regression studies. Orlanski and 

Gross (2000) used time-lagged regressions to investigate cyclones with strong meridional 

winds.  They found that classical cyclone behavior was modified by the presence of a 

downstream eddy, which resulted in an interactive couplet.  Such a mechanism for growth 

may explain some cyclone development in the eastern parts of stormtracks where the 

environment is less baroclinic (Chang and Orlanski 1993). The variation in development 

along the stormtrack demonstrates that processes dominating the cyclone lifecycle may differ 

with location. The current study, therefore, uses regression base-points at the entrance and 

exit of the stormtrack for a more complete picture of the role of diabatic processes and the 

sensitivity to surface baroclinicity. 

 

1.2.2 Eddies   

 There is case-to-case variation in eddy lifecycles and the mechanisms that most 

influence development. Eddy climatologies have confirmed regional variability in storm 

development processes. Pettersen and Smebye (1971) observed and categorized two types of 

cyclone development that involve interactions between upper and lower-level disturbances.  

Type A development begins with large low-level baroclinicity leading to an intense surface 

cyclone, with simultaneous	  development of an upper-level trough.  The persistence of 

favorable westward tilt with height allows for warm advection to intensify the lower cyclone 

until the peak intensity is reached.  This is in contrast to Type B development, which begins 

when a pre-existing upper-level trough moves over an area of weaker low-level warm 

advection. Mutual enhancement through the interaction of the two levels intensifies the 
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system until the upper trough becomes vertically stacked over the lower system and 

occlusion occurs. An observational study by Sanders (1986) showed that the all of the rapidly 

developing cyclones over the span of 3 years in the western Atlantic, termed “bombs,” were 

type B with a preceding upper-level vorticity feature. After investigating a number of storm 

development cases, Deveson et al. (2002) suggested that this two-class paradigm be extended 

to include a third class. Type C development is initially similar to type B, in that it begins 

with an upper-level trough moving over an area of weak low-level baroclinicity.  In this case, 

the tilt of the system remains steady or increases during development. This effect is attributed 

in large part to mid-level heating caused by condensation (Plant et al. 2003).  Latent heating 

acts to slow the progression of the upper-level trough, while enhancing the strength and  

progression of the low-level cyclone. Further discussion of this process follows in section 

1.2.5.  

 Gray and Dacre (2006) compiled a climatology of nearly 700 extratropical cyclones 

using feature-tracking methods.  The focus of their study was to classify types of cyclones 

based on the average ratio of upper to lower-level (U/L) contributions to vertical motion.  

Based on this index, they determined the frequency of type A, B, and C developments to be 

30%, 38%, and 32% respectively.  They found that the frequency of type B storms is highest 

near the Gulf Stream, and that type C cyclones are most frequent over the marine 

environment where baroclinicity is lower.  This is in agreement with the findings of Plant et 

al. (2003) described above. They found type B and C cyclones to be dominated by upper-

level forcing, but they did not investigate the role of latent heat release in type C storms.  

They also excluded the early period of development. Dacre and Gray (2009) improved on 
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their earlier method of time averaging U/L in order to investigate the evolution of forcing 

during the lifecycle. They found that cyclones in the East Atlantic, where type C are most 

prevalent, develop more rapidly than those in the West Atlantic.  East Atlantic cyclones also 

develop in environments with weaker baroclinicity, whereas low-level thermal advection is 

more important for West Atlantic cyclones. The authors note that other studies  [Bengtsson et 

al. (2006) and Pinto et al. (2007)] report a decrease in cyclones under climate change, except 

in the East Atlantic. Latent heating may then be more essential for the type C storms in the 

exit region, and it is speculated that this dependence would increase in a warmer, moister 

environment.  

 

1.2.3 Projections of a warmed climate  

 Our study does not address stormtrack or eddy characteristics in a warmed climate, 

but uncertainty in future projections strongly motivates the research. Polar warming at the 

surface and tropical heating aloft is expected to decrease mean baroclinicity at the surface 

and increase mean baroclinicity aloft under climate change. It is uncertain how these 

competing effects will alter mid-latitude cyclones. O’Gorman and Schneider (2008) found 

that EKE scales linearly with the large-scale moist available potential energy (MAPE), but 

conceded that they did not address the potentially large effect of mesoscale latent heat 

release. Geng & Sugi (2003) performed climate-change simulations at 100 km grid spacing 

to investigate future cyclone activity, and reported a decrease in total frequency with 

increased frequency of stronger storms. The stormtracks also shifted poleward and eastward. 

The authors again attributed the changes to a low-level decrease in baroclinicity caused by 
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polar amplification of warming. Boer (1995) found that total EKE decreases in a warmer 

environment, while poleward energy transport remains unchanged.  This implies an increase 

in eddy efficiency, such that more latent energy is transported in the moister environment.   

 How eddies will systematically respond to a warmer climate with more moisture is, 

therefore, uncertain. The conclusion that eddies simply respond linearly to changes in MAPE 

is questionable, since the models used are incapable of resolving potentially significant 

diabatic effects. Almost all climate scale studies fail to address the effects of diabatic 

processes in the eddies themselves. As diabatic contributions are better resolved, direct and 

indirect influences may increase. Furthermore, GCM comparisons to reanalyses as a measure  

of accuracy may be insufficient if the reanalyses are themselves too coarse to resolve diabatic 

processes.  

 In a recent study, Bengtsson et al. (2009) performed a thorough investigation of 

possible stormtrack changes under the IPCC A1B emission scenario. Using a relatively high 

resolution of T213 (63 km), they compared two 32-year periods at the end of the twentieth 

and twenty-first centuries.  They again found a small reduction in cyclone frequency but no 

significant change in wind or vorticity extremes. A significant increase in precipitation (11%) 

was reported, however. The increase in precipitation suggests that more latent heat is 

released during the cyclone lifecycles.  To investigate the possible importance of latent 

heating, they compared the 100 most intensely precipitating events from each period.  A 

surprising decrease in extreme winds for these storms was observed, suggesting a small role 

for latent heating. This study was state of the art with relatively fine resolution, but even 63 

km grid spacing may not have been adequate for resolving mesoscale effects of latent heat 



	   9	  

release. Watterson (2006) found a similar increase in precipitation without increased storm 

strength in model projections. This unexpected result suggests that some cancelation may be 

at work, namely a net decrease in large-scale baroclinicity. The next sections discuss the 

importance of high resolution in cyclone simulations and the moist processes that may be 

under-represented at GCM scales. 

 

1.2.4 Horizontal Resolution 

 Jung et al. (2006) examined the sensitivity to horizontal resolution of modeled winter 

climatologies and compared the results to ERA-40 reanalyses with 40 km grid spacing. Using 

sea level pressure (SLP) tracking, they found the main features of cyclones to be highly 

sensitive to resolution. A model with T95 spectral truncation (grid spacing of 210 km) 

missed 40% of storms present in ERA-40, but this was largely due to coarsely resolved 

orography. Little sensitivity to horizontal resolution was seen over the Gulf Stream, even 

with 80 km grid spacing. They acknowledged that greater sensitivity over this region might 

be found at higher resolutions. Pope (2002) sought to test convergence with increased 

resolution, from N48 (~250 km x 375 km) to N144 (~80 km x 125 km). They found that the 

behaviors of physical parameterizations change and biases decrease with higher resolution.  

Even their higher resolutions, however, are relatively coarse compared to the typical cold 

front, which is generally only tens of kilometers across. 

 Orlanski (2006) explored the resolution at which simulations of cyclones converge 

using several sophisticated models. They found that frontal structures were well represented 

at about ¼ degree, with little improvement beyond this resolution. Looking at indices of eddy 
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activity, they pointed out that current GCM resolutions are far too coarse to represent eddies 

accurately.  They note that resolving frontal systems was key to simulating eddy intensity, 

with implications for fluxes of heat and momentum into polar regions.  As they pointed out, 

more sophisticated sea-ice models or convective parameterization schemes alone cannot 

improve the representation of sub-polar cloud and sea ice coverage.  

 Using an idealized dry hydrostatic model, Lin (2004) performed simulations of 

baroclinic waves at roughly 220 km, 110 km, and 55 km horizontal resolutions. The higher 

resolution runs resulted in significantly sharper frontal gradients, without a dramatic increase 

in storm strength. They state that features of the cyclones are under-resolved even at 55 km, 

and that the solutions have yet to converge. The next section discusses how the addition of  

moisture to the resolution-enhanced frontal structures may provide a mechanism for rapid 

storm development. 

 

1.2.5 Latent Heating and Extratropical Cyclones 

 The analytical benefits of a potential vorticity (PV) framework have been known 

since the early 1940’s [Rossby (1940),Ertel (1942)], and it has since been used extensively to 

understand extratropical cyclone development. PV combines advection, divergence, and 

vertical motion into a powerful and elegant diagnostic tool. Hoskins et al. (1985) thoroughly 

described the two main principals of invertibility and conservation of PV in adiabatic 

frictionless flow. The invertibility principle allows the balanced flow associated with a PV 

field to be deduced. This is especially useful for calculating flow associated with a specific 

anomaly. Many studies have used the invertibility principle to identify and separate PV 
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anomalies, with emphasis on three that are active in cyclone development. The first anomaly 

is the upper-level PV (UPV) associated with a large-scale trough, and the second is related to 

the low-level potential temperature anomaly (LPV). The third anomaly, and the focus of the 

current study, is interior PV generated by the diabatic process of latent heat release (diabatic 

PV or DPV). Figure 1.1 shows a schematic of the interaction among these three anomalies, as 

summarized by Ahmadi-Givi (2004). In the absence of DPV (Figure 1.1a), the flow induced 

by the UPV increases warm advection and enhances the LPV. The upper-level effect of the 

LPV is to strengthen the UPV by advecting high PV stratospheric air southward, and to slow 

the movement of the UPV by advecting low PV air northward ahead of it, helping to prevent 

loss of tilt and occlusion. The addition of cyclonic DPV to this diagram leads to direct 

enhancement of the LPV circulation, and advection of stratospheric PV into the UPV 

anomaly. Positive DPV hastens the eastward movement of the LPV, while anticyclonic DPV 

aloft slows the eastward movement and reduces the strength of the UPV. A review of studies 

investigating these PV interactions and their relative importance follows.  

 The effects of latent heat release on baroclinic development were recognized as early 

as the 1950’s (Kleinschmidt 1950,1957), though extensive investigation did to come until 

decades later. Early studies based on analytical models and observed storms found that the 

inclusion of condensational heating could significantly augment cyclogenesis as described by 

dry theories. Gyakum (1983) used an adiabatic quasi-geostropic model to simulate the 

"Queen Elizabeth II" storm of 1978.  He found that simulated deepening rates are much less 

than observed, suggesting a significant overall role for convection. Using a two-level Eady 

model and a latent heating parameterization Emanuel et al. (1987) found, unsurprisingly, that 
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the moist solution more closely resembled observed cyclones. Additionally, they suggested 

that moist processes might allow cyclones to develop that otherwise would not be able to, 

since the moist processes contribute to a more favorable phase tilt and may compensate for 

otherwise weak instability.  

 Montgomery and Farrell (1991) found that in a generalized semigeostrophic Eady 

model with non-uniform interior PV, ascent generates low-level cyclonic PV that couples 

favorably with the upper-level disturbance. The lower PV also destabilizes surface 

disturbances that otherwise would not have intensified, and contributes to rapid 

frontogenesis. Snyder and Lindzen (1991) similarly found that PV generated by 

condensational heating could act as replacement for basic-state PV and a lack of strong 

horizontal gradients in the basic-state PV. The DPV may therefore be crucial for 

development in cases where a surface potential temperature anomaly is small or absent. In an 

observational study, Smith (1984) found that the direct effects of latent heating alone were 

responsible for up to 50% of the vertical motion at the mature stage of development. The 

author speculated that other indirect effects might be as, or more important than direct 

effects. The circulation induced by the DPV may be considered as a direct effect, while the 

implications for phase tilt with height are more indirect.  

 Davis and Emanuel (1991 – DE91) pioneered the use of piecewise PV inversion to 

investigate the effects of PV anomalies on ETC development. Examining observations of an 

especially strong case of cyclogenesis, they found that a low-level DPV anomaly accounted 

for about 40% of the low-level circulation of the mature storm. Additionally, the upper-level 

disturbance was primarily amplified by the lower PV in a system of mutual reinforcement. 
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Whitaker and Davis (1994) used a similar latent heating parameterization and piecewise PV 

inversions to examine the contribution of condensational heating to rapid development. In an 

idealized model and in an observed case, the superposition of cyclonic circulations associated 

with the generation of low-level PV by condensation is responsible for much rapid 

intensification when an upper-level disturbance overruns a maritime environment.  The most 

rapid development occurs between the first 6 and 24 hours. This type of development 

resembles the type C cyclones discussed above. 

 Balasubramanian and Yau (1994) used a hydrostatic model with 25 km grid spacing 

to simulate a maritime cyclone. Using DE91 inversion techniques, they examined the role of 

low-level cyclonic PV along warm and bent-back fronts in moist and dry cases. In the moist 

case, low-level cyclonic PV contributed 40% to the total geopotential height perturbation at 

the cyclone center, about twice as much as in the dry case. This suggests that the addition of 

moisture enhanced the cyclonic PV associated with the surface thermal anomaly. The PV 

induced circulation also resulted in cold advection that enhanced the	  intensification	  of	  the	  

upper-‐level	  wave. Balasubramaniam and Yau (1996) performed a similar study. They 

obtained the interesting result that, contrary to their dry simulation, the warm front in moist 

simulations was stronger than the cold front. They conclude, however, that aside from 

enhanced wave deepening in the early period of development, moist and dry cyclones look 

dynamically similar. By the mature phase of development, both dry and moist cyclones 

possess similar low-level PV anomalies. This emphasis on the DPV located in the warm and 

bent back fronts is in agreement with results obtained by Wernli and Davies (1997), who 

identified airstreams associated with a developing cyclone. Specifically, one airstream 
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associated with strong precipitation ascends into the bent-back warm front and results in 

significant low-level PV near the center.  

 In numerical simulations, Kuo et al. (1991) modeled the interaction between adiabatic 

and diabatic processes. Comparing full physics and adiabatic runs of a rapidly intensifying 

marine cyclone, it was shown that the latent heating played an important role in modifying 

and intensifying the warm frontal structure. The moist cyclone experienced a combination of 

favorable phasing and a positive feedback mechanism, such that the circulation associated 

with the DPV increased moisture convergence and therefore additional DPV generation. The 

authors argued that the contribution of moisture to baroclinic development is more than a 

simple linear process. They suggested that inconsistencies between their simulations and 

observations result partly from insufficient model grid spacing (45 km). Reed et al. (1993) 

withheld latent heating in a sensitivity test of a strong cyclone, ERICA IOP 5. A strong 

sensitivity of development to latent heating was found, as the heating affected both cyclone 

intensity and structure. In this case, DPV again acts as a surrogate for the surface potential-

temperature anomaly, and contributes to vertical tilt that is favorable for mutual 

enhancement. 

 In a landmark paper, Stoelinga (1996) used the PV framework to investigate the roles 

of friction and latent heat release in a Western Atlantic cyclone. In a comprehensive 

investigation using a full physics model and the inversion techniques of DE91, sensitivity 

tests were performed by removing latent heat release and surface fluxes. Wind fields from 

each PV anomaly were quantified, and a strong positive PV anomaly was seen along the 

warm and bent-back fronts. This positive PV contributed about 70% to the strength of the 
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surface cyclone. In this case, the retardation of the upper-level PV anomaly helped to prevent 

decoupling. 

 Lackmann (2002) noted the presence of low-level PV maxima along a cold front 

associated with a continental cyclone resolved at 80 km grid spacing. The results of QGPV 

inversion revealed that this diabatic PV was responsible for 15-40% of the low-level jet 

(LLJ) strength, which resulted in significant warm-sector moisture transport. The results of 

this study suggest a complex interdependence and positive feedback between latent heating 

and the strength of the warm conveyor belt. A resolution-enhanced warm conveyor belt 

would thereby transport much more moisture in a narrow band, called an atmospheric 

“river,” with a consequent increase in precipitation.  

 The above studies all reported significant changes in baroclinic development with the 

addition of moisture. A few studies have reported a much smaller role for DPV. In a 

modeling sensitivity study, Davis (1993) investigated the influence of latent heating on the 

structure and development of extratropical cyclones in the first 24 hours. Latent heating was 

withheld from simulations, and it was found that the heating had a small effect on the 

development mechanism of UPV-LPV interaction. As with the previous studies by Davis, 

latent heating was found to be largely responsible for amplification of a downstream ridge, 

and faster progression of the surface thermal perturbation.  In this case, the effects on 

propagation speeds of upper and lower perturbations were unfavorable for mutual 

reinforcement. Fehlmann and Davies (1999) found that even when acting as a surrogate for 

LPV, DPV was not as important as the strong UPV. Additional observational case studies 

have found latent heating to play a secondary role in strong cyclone development [Huo 



	   16	  

(1999), Davis (1992)]. 

 The variation in these cases demonstrates that DPV is not crucial for all intense storm 

development, as some storms are able to develop with little to no latent heating. It is clear, 

however, that the results are sensitive to the cases selected for study. Therefore, while most 

studies have investigated the role of DPV only for individual case studies, in this paper we 

investigate systematic effects of DPV on the climate scale.  The importance of horizontal 

resolution has been discussed, and so a comparative case study will be run at a resolution 

capable of representing mesoscale structures associated with strong latent heat release.  

 In summary, the current understanding of the role of DPV in extratropical 

cyclogenesis can be described as follows:   

-The low-level positive DPV strengthens the surface cyclone directly and may act as 

a surrogate in the absence of adequate LPV.  

-Mutual reinforcement with the UPV anomaly creates a positive feedback whereby 

the circulation is strengthened and more latent heat is released. 

-Favorable tilt can either be maintained or diminished by the influences on UPV and 

LPV propagation speed. 

-The relative importance of DPV varies from case to case, and may vary with location 

along the stormtrack 

The schematic in Figure 1.2 depicts the relevant processes in resolution enhanced cyclone 

development due to latent heating. Sharper frontal gradients result from increased resolution 

as a dry effect.  A stronger LLJ leads to more condensation along the fronts and stronger 

cyclonic DPV. Cyclonic DPV enhances UPV through vorticity advection into the trough, and 

directly enhances nearby cyclonic LPV. Indirect contributions come through the maintenance 

of westerly tilt with height, which allows UPV to mutually enhance cyclonic PV below rather 
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than barotropically stacking on top of it. Each enhanced feature lends to more precipitation 

along fronts and perpetuates the feedback.  

 

1.3 Hypotheses 

 Global climate model projections generally show a poleward shift of the storm track 

with a decrease in frequency and an increase in stronger storms in a warmer climate.  Some 

studies show a net decrease in EKE. This is unexpected since a warmer atmosphere would 

contain more water vapor and latent heating has been shown to intensify storms.  One 

possibility is that eddies become more efficient at transporting energy, as increased poleward 

flux of latent heat in water vapor necessitates a less vigorous circulation. Large-scale mean 

baroclinicity may also decrease and give way to less active stormtracks. The other possibility 

is that GCM resolutions are too coarse to simulate the important effects of DPV generated by 

mesoscale features. It is hypothesized that higher resolution simulations will result in 

stronger diabatic effects and stronger cyclones. It has also been shown that eddy behavior 

varies with location in the stormtrack. We hypothesize that the relative importance of DPV 

will change in the less baroclinic areas in the east of the track. Simulations at coarse (120 

km) and fine (20 km) grid spacing will be run to test the sensitivity to horizontal resolution.  

The influence of DPV at different resolutions will be assessed in a case study, as well as at 

the climate scale using 10 winter (JFM) seasons, and at various locations along the 

stormtrack. 
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1.4 Thesis Outline 

 We discuss the model setup, experiment design, and analysis techniques in the next 

chapter.  Chapter 3 describes the results from a case study documenting how the role of DPV 

changes at higher resolution. Chapter 4 extends the analyses to regression analyses and eddy 

statistics.  Chapter 5 contains a summary of the results and concluding remarks. 
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Figure 1.1: Figure from Ahmadi-Givi (2004), originally adapted from Hoskins 
(1985) showing circulations associated with the three main PV features. The 
left panel shows the circulations associated with the upper and surface PV 
anomalies, and the mechanism of mutual reinforcement. The right panel shows 
the circulations induced by latent heating, which act to strengthening both the 
upper-level trough and the surface thermal perturbation.	  
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Figure 1.2: Schematic summarizing the latent-heating feedback on cyclone 
development, and as enhanced by increased horizontal resolution.	  
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2. Methods 

 

The following chapter describes the experimental design and analysis techniques used 

in the current study. The model used and its configuration is detailed, followed by an 

overview of the PV framework and inversion techniques, and the regression method. 

 

2.1 Model description and configuration 

The model used in the current study is the Weather Research and Forecast (WRF) 

model version 3.2.1, developed primarily by the National Center for Atmospheric Research 

(NCAR). WRF is a fully compressible, non-hydrostatic model that uses high-order advection 

and time-split integration techniques. The Advanced Research WRF (ARW) core uses 

Arakawa-C grid staggering, and is designed to accommodate both operational and research 

purposes. A more detailed description of the WRF model can be found in Skamarock (2005).  

Chapters 3 and 4 present results from similar model configurations. The model 

domain for all simulations is shown in Figure 2.1, and covers an area from about 18 N to 72 

N, and 95 W to 45 E. We use two horizontal resolutions, with 120 km and 20 km nominal 

grid spacing. A model top of 50 hPa is used, with 28 vertical levels that are concentrated in 

the lower troposphere, using a mass based and terrain following vertical coordinate. All 

output is de-staggered and interpolated to pressure levels from 950 – 150 hPa every 50 hPa. 

The case study presented in chapter 3 was also simulated with 100 vertical levels to confirm 

that the sensitivity to vertical resolution is much less than to horizontal resolution (results not 
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shown). Initial and boundary conditions are taken from the Global Forecast System (GFS) 

final (FNL) analysis, available at 6 hour intervals on a 1° x 1° (~100 km) grid. All 

simulations in this study use 6 hourly boundary condition updates.  

 The WRF model offers a large assortment of physics options. The proper choice of 

microphysics parameterization (MP) option is crucial for a study concerned with the effects 

of latent heating from condensation. A case study of four sophisticated MP schemes 

confirmed that the influence of horizontal resolution is much greater than differences 

between advanced schemes. The WRF single moment six-class (WSM6) bulk MP was 

selected, as it adequately represents grid scale liquid and ice microphysics at an affordable 

computational cost. We use the Kain-Fritsch convective parameterization (CP), a mass-flux 

scheme that considers updrafts and entrainment. Sub-gridscale processes near the surface are 

parameterized by the Yonsei University (YSU) planetary boundary layer (PBL) scheme, 

which uses non-local-k mixing. Longwave radiative effects are computed by the rapid 

radiative transfer model (RRTM), while shortwave radiation is treated by the Dudhia scheme.  

There are limited differences between model configurations used to obtain the results 

presented in chapters 3 and 4. The case study in chapter 3 is initialized 24 hours before 

maximum cyclone intensity for a storm that began development around 1200 UTC on Jan 31, 

2001. The short model run allows for comparison of resolutions before the solutions diverge. 

Model variables are output hourly for the case study, with no sea surface temperature (SST) 

updates.  

Chapter 4 presents results from ten winters spanning the years 2001-2011. Each 

season begins at 0000 UTC on December 24th and is run for 105 days, ending in early April. 
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Real-Time Global (RTG) SSTs analyses are used to update the model SST every 6 hours 

during the seasonal runs. These SST data are interpolated from a 0.5° x 0.5° grid (~50 km) at 

7 day intervals.  

 

2.2  Potential vorticity analysis 

Section 1.2.5 discussed a number of studies that used PV and PV inversions to 

quantify the role of latent heat release in cyclone development. This study uses quasi-

geostrophic potential vorticity (QGPV) of the form: 
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where ! ' represents geopotential perturbations from the reference state, f represents 

planetary vorticity, f0 is the reference Coriolis force (10-4 s-1), and ! 0 is the reference state 

stability as a function only of pressure. For the purpose of this study, the relative vorticity 

term is computed on isobaric levels using full model winds, and the third term on the right is 

computed using temperature anomalies. These substitutions help to remove the noise present 

in the high-resolution output that results from computing horizontal and vertical derivatives 

of geopotential. Reference temperature, geopotential height, and stability profiles are 

computed as the low-resolution 10-season average from 50 W to 20 W, and 40 N to 55 N.  

 QGPV anomalies of diabatic origin must be separated from those of adiabatic origin. 

To achieve this, the QGPV is tagged using the same method as Lackmann (2002). In this 

method, all QGPV in regions of rising motion and relative humidity over 70% is assumed to 

be of diabatic origin, while any QGPV outside of these regions is not. Levels above 500 hPa 
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are excluded to ensure that no stratospheric intrusions are tagged. A recent study by Baxter 

(2011) tagged all positive PV perturbations below 500 hPa as diabatic, with no humidity or 

ascent criteria. We compared this method with that of Lackmann (2002), and the results are 

qualitatively similar. In chapter 4, highpass-filtered QGPV anomalies are tagged using 

unfiltered values of relative humidity and vertical velocity to avoid negative relative 

humidity values that would result from filtering. This method fails to consider the effects of 

QGPV that has advected away from regions of generation, as well as PV destruction aloft 

due to latent heat release. The current study is concerned with the role of positive DPV in the 

lower troposphere, but a more sophisticated method for tracking DPV would be a desirable 

improvement for future investigations. 

Heating and cooling generates and destroys PV. In the QG framework, this PV 

tendency is computed as  
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 is the diabatic temperature tendency. Thus, below an area of diabatic heating there 

is cyclonic PV generation, while aloft there is anticyclonic PV generation or destruction of 

cyclonic PV. It is important to note that in the QG framework, the generation is proportional 

only to the planetary vorticity 

! 

f0 . The full non-linear Ertel PV tendency, however, is defined 

as 
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where the right hand terms are non-conservative due to the diabatic potential temperature 

tendency, 

! 

"
•

, and friction, F. In this case, temperature tendency projects onto the absolute 

vorticity vector 

! 

"
#

. In frontal regions the vorticity vector can be tilted horizontally, such that 

the vertical distribution of PV tendencies may be sheared as opposed to upright as in the QG 

framework. This is another limitation of QGPV, and will be mentioned again when 

discussing anticyclonic PV aloft in subsequent chapters. 

In addition to standard WRF output, temperature tendencies from the MP, CP, and 

PBL scheme are retained for use in computing diabatic PV tendencies. Temperature 

tendencies from the PBL scheme are included as well, since they are of significant magnitude 

and it was observed that these temperature tendencies respond strongly to the MP scheme 

behavior. The relative and planetary vorticity terms are neglected when computing DPV 

tendencies in the QG framework since these terms do not contribute to PV generation. 

Diabatic temperature tendencies from the radiation scheme are also excluded, since these 

tendencies are relatively small at the level of maximum latent heat release.  

Tagged QGPV and DPV tendencies are inverted to obtain geopotential heights and 

height tendencies respectively associated with a particular PV perturbation. Inversions are 

performed using iterative successive over-relaxation, similar to the method used by Hakim et 

al. (1996). The inversion domain ranges from 950 hPa to 150 hPa with zero perturbation 

geopotential at the horizontal and upper boundaries. Temperature tendencies at 950 hPa and 

900 hPa are used for the lower boundary condition when inverting DPV tendencies, while 

Dirichlet conditions (zero values of QGPV at the lower boundary) are used when inverting 

tagged QGPV. The use of Dirichlet boundaries is not ideal, but is necessitated by 
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inconsistencies arising from untagged perturbation temperatures at the lower boundary. An 

over-relaxation coefficient of 1.5 is used with the convergence criteria of a 10-4 % maximum 

change from the previous iteration to ensure that the solution converges. 

 

2.3 Additional analyses 

Dynamics relevant to this study occur on small timescales that are excluded by 

traditional band-pass filtering. For example, Zhu and Newell (1994) found that the 

development of strong atmospheric rivers along the warm conveyor belt often occurred in the 

first 24 hours of cyclone development. Highpass-filtering allows the extraction of 

atmospheric events that occur on all scales shorter than the cutoff period. Eddy and 

perturbation values presented in chapter 4 are, therefore, computed using a 7-day highpass-

filter with 57 weights. 

One-point regressions and lag regressions are computed following Lim and Wallace 

(1991), with the exception that both dependent and independent variables are highpass-

filtered in this study. The regression coefficient b(i) of a given variable i is given by: 

2.4)     
b(i) = 1
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where t represents time, xb’ is the highpass-filtered reference time series at one location, y(i)’ 

is the highpass-filtered time series of the ith variable, which varies spatially, and N is the 

number of times. More simply, this is the covariance divided by the standard deviation of the 

independent variable in order to normalize the regression while retaining the meaningful 
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units of the dependent variable. The resulting regression patters are those associated with a 

one-standard-deviation anomaly in the reference variable. Linear regression produces results 

similar to cyclone compositing, but does not require complex feature tracking schemes. Lag 

regressions of +/- 24 hrs are also used to determine the importance of diabatic effects at 

different stages of development. In the next chapter, we present results from a case study 

utilizing the QGPV framework.
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  Figure 2.1: Model domain for all WRF simulations 
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3. Case study 

 

3.1 Low-Resolution Simulation 

 

3.1.1 Synopsis 

 Results from a 120 km resolution simulation of an individual cyclone are presented in 

this section.  This case study offers a direct and synoptic-scale test of the methods used in 

chapter 4 without the smoothing effects of statistical analysis. The simulated storm began 

developing on Dec 30th, 2001 in the western North Atlantic. This case was selected for its 

visible precipitation and frontal structure at both resolutions, which are the features of 

interest for this study. The WRF model is run for 24 hours with results output every hour for 

better assessment of diabatic processes during early development. Reanalysis data sets are 

not available at high resolution for this storm, and are therefore not presented. Rather, the 

goal here is to establish the presence of a positive DPV feedback mechanism in the model 

and to determine its sensitivity to resolution for an individual storm. 

 Figure 3.1 shows the model domain and initial conditions. The feature of interest is a 

developing shortwave with a larger parent low to the north. A surface cyclone originates near 

the Gulf Stream and moves northeastward. There is an upper-level jet streak providing QG 

forcing aloft and low-level baroclinicity fueling early development. The presence of upper 

and lower-level forcing is indicative of Type B development discussed previously, and it is 

common in the western North Atlantic. After the first day of development, the surface 

cyclone deepens by 16 hPa, and some upper-level troughing occurs (Figure 3.2).  Warm and 
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cold fronts are present, and strengthen gently throughout the period.  

 Accumulated precipitation plots after 24 hours show that much of the precipitation 

was generated at the grid scale by the MP scheme (Figure 3.3). Grid-scale precipitation 

occurs near the surface cyclone and along the warm and cold fronts as the cyclone 

propagates. The convective parameterization scheme shows activity only to the south of the 

cyclone and primarily early on, likely associated with the cold front. It follows that these 

heavily precipitating areas are associated with strong latent heat release and DPV generation. 

 Figure 3.4 shows the low-level heating during the 24-hour period, which aligns well 

with the distribution of accumulated precipitation. Heating is strongest and most concentrated 

at early times, and increases along the fronts as they develop later in the day. A cross section 

through the developing system shows that the heating is almost entirely below 400 hPa, with 

the maximum near 700 hPa (Figure 3.7).  

 

3.1.2  DPV Generation 

 The diabatic QGPV tendency is computed using the method described in section 2.2. 

Positive DPV tendencies directly below the maximum level of heating are shown in Figure 

3.5. The structure is what would be expected given the heating patterns in Figure 3.4. The 

strongest generation of DPV occurs early in the period ahead of the surface cyclone, with 

frontal DPV developing later.  Figure 3.7 shows the vertical dipole discussed in previous 

literature.  The almost perfectly vertical nature of the dipole is expected for the instantaneous 

field of DPV tendency in the QG framework, but does not represent upper-level DPV that is 

advected away from areas of generation. Upper-level DPV can either enhance or reduce 
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mutual reinforcement by diminishing troughing, enhancing ridging downstream, and 

changing the vertical tilt of the system. Our study is concerned primarily with the influence 

of low-level DPV, but future investigation is merited to investigate the role of upper-level 

negative DPV.  

 The DPV tendencies are inverted using the methods described in section 2.2 and the 

resulting geopotential height tendencies are shown in Figure 3.6. The effect of low-level 

DPV is to enhance surface cyclogenesis directly, as the diabatic height tendencies are located 

close to the maxima of 2 hour centered total height tendency. Diabatic height tendencies are 

strong relative to total height tendency, suggesting that some advection of DPV out of the 

region is occurring. Throughout the lower troposphere, diabatic effects reinforce low-level 

development and aid in cyclone propagation, with the strongest influence at early times. The 

bottom panel of Figure 3.7 suggests that generation of anticyclonic DPV at upper-levels 

slows troughing and aids in downstream ridging.  

 Diabatic wind tendencies are also congruent with a positive diabatic feedback 

mechanism.  Figure 3.8 shows that 850 hPa wind tendencies act to enhance temperature 

gradients along fronts by strengthening the transport of heat into the western region of the 

warm-sector. Wind tendencies lead heating along the cold front by several hours, suggesting 

a contribution to the strength of the warm-conveyor belt and moisture transport into the 

region of strongest convergence. These mechanisms are consistent with the interactions 

described in Lackmann (2002). 
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3.1.3 Tagged QGPV 

 Tagging and inverting full QGPV helps to determine the influence of DPV after 

generation. The full QGPV is computed and tagged using criteria described in section 2.2. Its 

evolution in the lower troposphere is shown in Figure 3.9. The cyclone and its parent low are 

clearly visible, while frontal features are again weakly resolved with 120 km grid spacing. 

The strongest DPV magnitudes lag DPV generation (compare Figures 3.9 and 3.5), 

suggesting that DPV accumulates rather than rapidly advecting out of the moist regions of 

ascent. Again, QGPV only captures the vertical component of vorticity, and neglects the 

effects of slantwise convection present in the real atmosphere. Perturbation Ertel PV is 

tagged using the same criteria and shown in Figure 3.10 for comparison. The structures are 

very similar, and it is clear that most DPV is retained despite the exclusion of slantwise 

convection. 

 Inverting the tagged QGPV gives height perturbations that are qualitatively similar to 

the height tendencies (compare Figures 3.11 and 3.6). The maximum in height perturbation 

again lags the maximum in tendency, occurring around model hour 12. Winds associated 

with the low-level DPV are shown to contribute to the trough development aloft through 

advection of absolute vorticity (Figure 3.12), relating to the first term on the right hand side 

of the QG height tendency equation, 
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The effect of cyclonic PV on the UPV is likely exaggerated in this figure, since tagging 

excludes the offsetting influence of anticyclonic PV. Vorticity advection by the diabatic wind 
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tendencies, which do include anticyclonic DPV aloft, is much weaker at 300 hPa (not 

shown). However, anticyclonic wind tendencies would not be vertically stacked outside of 

the QG framework, due to westerly wind shear with height and the projection of heating on a 

tilted absolute vorticity vector. The actual strength of the effect is, then, likely between the 

two extremes of a strong contribution seen in the tagged diabatic winds, and the weak 

contribution due to diabatic wind tendencies.  

 The contribution of the diabatic circulation to the transport of moisture into areas of 

ascent is further evidence of positive feedback, as seen in Figure 3.13. Diabatic winds are 

responsible for about 25% of the strongest geostrophic moisture transport at this time, 

primarily associated with the warm conveyor belt. Zhu and Newell (1994) suggest that 

atmospheric rivers may be used to predict cyclone intensification and the movement of 

atmospheric bombs, since the cyclone center often follows the leading edge of the river. This 

leading edge is associated with the comma head, and agrees well with the location of the 

largest height perturbations and tendencies in Figures 3.6 and 3.11. 

 The above results demonstrate the ability of the model to represent a positive 

feedback between latent heat release and cyclone intensification at 120 km grid spacing. The 

qualitative role of DPV in the lower troposphere agrees well with previous case studies 

discussed in section 1.4. The next section discusses the sensitivity of these processes to 

resolution.  
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3.2 High-Resolution Simulation 

 

3.2.1 Synopsis 

 The analysis in section 3.1 was reproduced for the same case at higher horizontal 

resolution. Figure 3.14 shows the synoptic evolution when simulated with 20 km grid 

spacing. The cyclone intensifies rapidly as MSLP drops from 1004 hPa to 980 hPa in 24 

hours. This is roughly 8 hPa more than the deepening seen at 120 km grid spacing. Such 

rapid intensification is categorized as a cyclone “bomb,” as discussed in Sanders and 

Gyakum (1980). The upper-level trough deepens more than in the low resolution run and the 

fronts are better organized. Differences between the low and high-resolution simulations 

appear early. Figure 3.15 shows vertical velocity and diabatic heating after the first hour. The 

20 km grid spacing immediately resolves stronger frontal tilt associated with vertical motion 

and condensational heating, a resolution effect that has been discussed in previous work 

(Bauer and Del Genio 2006, Catto et al. 2010).  

 The stronger vertical heating at 20 km corresponds to enhanced precipitation, as seen 

in Figure 3.16. Both grid-scale and sub-gridscale rainfall are enhanced, resulting in a 

significant net increase (compare Fig 3.16 and 3.3). Grid-scale precipitation governed by the 

MP scheme remains dominant. The increase in frontal precipitation suggests that a stronger 

diabatic circulation may contribute to the rapid intensification. Use of PV framework is again 

used to identify the role and strength of DPV feedback. 

 

 



	   35	  

3.2.2 DPV Generation 

 Diabatic temperature tendencies are significantly stronger during the entire period of 

development compared to the low-resolution storm (compare Figures 3.17 and 3.4). The 

warm and cold fronts are well defined at 20 km grid spacing and heating is concentrated 

along them. Figure 3.18 shows model grid-points at both resolutions, and diabatic heating at 

model hour 24. It is clear from this figure that with 120 km grid spacing, only one or two 

grid-points are located in the area of maximum heating near the cold front. At 20 km grid 

spacing, the frontal heating is much better represented. The horizontal concentration of 

heating then corresponds to the concentration of strong DPV generation (Figure 3.19). 

Magnitudes of DPV are larger than at the lower resolution, but the relative net contribution is 

not immediately apparent. PV inversion allows for better comparison of the total effect by 

reversing the enhancement of small-scale features by the Laplace operator in the QGPV 

equation. 

 The result of the inversion is shown in Figure 3.20 (compare with Figure 3.6). Total 

and diabatic geopotential height tendencies are stronger than in the low-resolution 

simulation, especially early on. The stronger diabatic height tendencies are evidence of an 

enhanced positive feedback, and are again located in the area of most rapid deepening. The 

vertical cross section in Figure 3.21 shows that DPV and height tendencies are stronger at 

upper-levels as well. This suggests that enhanced downstream ridging aloft may contribute to 

stronger development at higher resolution. 

 The increased effects of DPV generation are evident in the low-level wind tendencies 

(Figure 3.22). Wind tendencies at 850 hPa are much stronger at 20 km, and further increase 
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the strength of the low-level jet. The low-level wind tendencies act to enhance the surface 

thermal perturbation and frontal gradients, more dramatically increasing eddy available 

potential energy. Temperature, DPV, height, and wind tendencies are all stronger at higher 

resolution, and the structure of the fields suggests an enhanced feedback between DPV 

generation and storm intensification.  

 

3.2.3 Tagged QGPV 

 The full QGPV is again tagged and inverted to supplement the DPV tendency 

analysis. Tagged PV, like DPV generation, is stronger and more concentrated along the better 

resolved frontal features compared to the 120 km simulation (compare Figure 3.23 and 

Figure 3.9). The qualitative spatial agreement between Ertel PV and QGPV is maintained at 

this resolution (Figure 3.24). The relative vorticity in this field is inherently sensitive to 

resolution, and so the inverted fields are still necessary for accurate comparison of the net 

contribution. 

 Low-level geopotential height perturbations are noticeably stronger at 20 km, 

especially at later times (compare Figures 3.25 and 3.11), and the diabatic wind induced by 

positive DPV has a stronger effect on 300 hPa troughing (compare Figures 3.26 and 3.12). 

Since the tagging method under-represents PV aloft, it is unclear whether stronger negative 

PV at 20 km offsets the enhanced effects of lower-level DPV. In any case, the upper-level 

trough grows noticeably more than in the low-resolution run, suggesting a stronger mutual 

reinforcement between the PV features.  

 Both total and diabatically induced low-level moisture transport are stronger at higher 
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resolution (compare Figures 3.27 and 3.13). The relative diabatic contribution increases only 

slightly, while the increase in both fields suggests a stronger diabatic feedback. The 

magnitudes are increased compared to the 120 km run, with the spatial extent remaining 

similar. This suggests that the enhanced role of DPV in transporting moisture is not simply 

the result of spatial concentration.  

 The positive feedback between cyclone dynamics and diabatic circulations is evident 

at 120 and 20 km grid spacing simulations. The DPV signature is stronger at 20 km, and the 

associated feedback is likely responsible for significantly more intense development. The 

next section presents the results from a similar PV analysis, extended to multiple seasons, in 

order to assess the influence of resolution sensitivity on the climate scale. 
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Figure 3.1: Model domain and initial conditions. Contours are 300 hPa heights 
(black contours, interval 120 m), 850 hPa temperatures (blue and red dashed 
contours, interval 3 C), and MSLP (thin brown contours, interval 4 hPa). Shading 
corresponds to absolute vorticity at 300 hPa. Blue box represents feature of interest 
shown in following figures. 120 km grid spacing.	  
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Figure 3.2: First 24 hours of cyclone development. Contours are 300 hPa heights 
(black contours, interval 120 m), 850 hPa temperatures (blue and red dashed contours, 
interval 3 C), and MSLP (thin brown contours, interval 4 hPa). Numbers in bottom 
right corners correspond to hours into simulation. 120 km grid spacing.	  
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Figure	  3.3:	  Accumulated	  precipitation	  (mm)	  at	  model	  hour	  24.	  	  Precipitation	  from	  CP	  
scheme	  (left),	  MP	  scheme	  (middle),	  and	  combined	  (right)	  shown.	  Geopotential	  height	  
(black	  contours,	  interval	  30	  m)	  and	  temperatures	  (blue	  and	  red	  dashed	  contours,	  
interval	  3	  C)	  at	  850	  hPa.	  120 km grid spacing.	  
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Figure	  3.4:	  Heating	  at	  700	  hPa	  (shaded,	  K/day,),	  geopotential	  height	  at	  
500	  hPa	  (black	  contours,	  interval	  60	  m),	  and	  MSLP	  (brown	  contours,	  
interval	  4	  hPa).	  Red	  line	  corresponds	  to	  cross-‐section	  in	  Figure	  3.7.	  120 km 
grid spacing.	  
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Figure	  3.5:	  DPV	  tendency	  averaged	  from	  850	  to	  750	  hPa	  (shaded,	  x	  108	  s-‐2,),	  
geopotential	  height	  at	  500	  hPa	  (black	  contours,	  interval	  60	  m),	  and	  MSLP	  
(brown	  contours,	  interval	  4	  hPa).	  Red	  line	  corresponds	  to	  cross-‐section	  in	  
Figure	  3.7.	  120 km grid spacing.	  
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Figure	  3.6:	  Diabatic	  height	  tendency	  (shaded,	  m/hr),	  and	  total	  geopotential	  
height	  tendency	  (dashed	  black	  contours,	  interval	  5	  m/hr)	  at	  850	  hPa,	  and	  
MSLP	  (brown	  contours,	  interval	  4	  hPa).	  Red	  line	  corresponds	  to	  cross	  
section	  in	  Figure	  3.7.	  120 km grid spacing.	  
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Figure	  3.7:	  Cross	  sections	  corresponding	  to	  the	  red	  lines	  at	  t=4	  hr	  in	  Figures	  
3.4,	  3.5,	  and	  3.6.	  Shaded	  values	  show	  a)	  diabatic	  temperature	  tendency	  
(K/day),	  b)	  DPV	  tendency	  	  (108	  	  x	  s-‐2),	  	  and	  c)	  diabatically	  induced	  
geopotential	  height	  tendency	  (m/hr)	  overlaid	  with	  total	  geopotential	  height	  
tendency	  (dashed	  contours,	  interval	  5	  m/hr).	  	  120 km grid spacing.	  
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Figure	  3.8:	  Diabatically	  induced	  wind	  tendency	  at	  850	  hPa	  (104	  m/s2,	  vectors),	  
and	  850	  hPa	  temperature	  (black	  dashed	  contours,	  interval	  3	  C).	  120	  km	  grid	  
spacing.	  
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Figure	  3.9:	  Tagged	  QGPV	  averaged	  from	  850	  to	  750	  hPa	  (positive	  values	  
shaded,	  104	  	  x	  s-‐1,),	  geopotential	  height	  at	  (black	  contours,	  interval	  30	  m),	  
and	  temperatures	  at	  850	  hPa	  (blue	  and	  red	  dashed	  contours,	  interval	  3	  C).	  
120 km grid spacing.	  
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Figure	  3.10:	  	  Tagged	  Ertel	  PV	  averaged	  from	  850	  to	  750	  hPa	  (positive	  
values	  shaded,	  PV	  units),	  geopotential	  height	  at	  (black	  contours,	  interval	  
30	  m),	  and	  temperatures	  at	  850	  hPa	  (blue	  and	  red	  dashed	  contours,	  
interval	  3	  C).	  120 km grid spacing.	  
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Figure	  3.11:	  Perturbation	  geopotential	  associated	  with	  DPV	  (shaded,	  m),	  
geopotential	  height	  (black	  contours,	  interval	  30	  m),	  and	  temperatures	  
(blue	  and	  red	  dashed	  contours,	  interval	  3	  C)	  at	  850	  hPa.	  120 km grid 
spacing.	  
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Figure	  3.12:	  Diabatically	  induced	  wind	  at	  300	  hPa	  (m/s,	  
vectors),	  and	  300	  hPa	  geopotential	  height	  (black	  contours,	  
interval	  120	  m).	  	  Shading	  corresponds	  to	  values	  of	  absolute	  
vorticity	  (scale	  10-‐5,	  s-‐1).	  120 km grid spacing.	  
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Figure	  3.13:	  Moisture	  transport	  due	  to	  the	  geostrophic	  wind	  
(shaded,	  g/kg	  m/s),	  and	  moisture	  transport	  due	  to	  diabatic	  wind	  
(black	  contours,	  interval	  0.03	  g/kg	  m/s)	  at	  850	  hPa	  for	  model	  
hour	  12.	  120 km grid spacing.	  
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Figure 3.14: First 24 hours of cyclone development. Contours are 300 hPa heights 
(black contours, interval 120 m), 850 hPa temperatures (blue and red dashed 
contours, interval 3 C), and MSLP (thin brown contours, interval 4 hPa). Numbers 
in corners indicate hours into simulation. 20 km grid spacing.	  
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Figure 3.15: a,b) Vertical motion (m/s) and c,d) heating rate (K/day) at 850 hPa 
after one  hour for 120 km (a,c) and 20 km (b,d) horizontal grid spacing. 20 km 
grid spacing.	  
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Figure	  3.16:	  Accumulated	  precipitation	  (mm)	  at	  model	  hour	  24.	  	  Precipitation	  from	  
CP	  scheme	  (left),	  MP	  scheme	  (middle),	  and	  combined	  (right)	  shown.	  Geopotential	  
height	  (black	  contours,	  interval	  30	  m)	  and	  temperatures	  (blue	  and	  red	  dashed	  
contours,	  interval	  3	  C)	  at	  850	  hPa.	  	  20	  km	  grid	  spacing.	  
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Figure	  3.17:	  Heating	  at	  700	  hPa	  (shaded,	  K/day,),	  geopotential	  height	  at	  500	  hPa	  
(black	  contours,	  interval	  60	  m),	  and	  MSLP	  (brown	  contours,	  interval	  4	  hPa).	  Red	  
line	  corresponds	  to	  cross-‐section	  in	  Figure	  3.20.	  20 km grid spacing.	  
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Figure	  3.18:	  Heating	  at	  700	  hPa	  (shaded,	  K/day),	  24	  hours	  into	  model	  simulations.	  
Blue	  dots	  correspond	  to	  gridpoint	  locations	  for	  the	  a)	  120	  km	  grid,	  and	  b)	  20	  km	  
grid.	  
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Figure	  3.19:	  DPV	  tendency	  averaged	  from	  850	  to	  750	  hPa	  (shaded,	  108	  	  x	  s-‐2,),	  
geopotential	  height	  at	  500	  hPa	  (black	  contours,	  interval	  60	  m),	  and	  MSLP	  (brown	  
contours,	  interval	  4	  hPa).	  Red	  line	  corresponds	  to	  cross-‐section	  in	  Figure	  3.20.	  20 
km grid spacing.	  
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Figure	  3.20:	  Diabatic	  height	  tendency	  (shaded,	  m/hr),	  and	  total	  
geopotential	  height	  tendency	  (dashed	  black	  contours,	  interval	  5	  
m/hr)	  at	  850	  hPa,	  and	  MSLP	  (brown	  contours,	  interval	  4	  hPa).	  Red	  
line	  corresponds	  to	  cross	  section	  in	  Figure	  3.20.	  20 km grid spacing.	  
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Figure	  3.21:	  Cross	  sections	  corresponding	  to	  the	  red	  lines	  at	  t=4	  hr	  in	  Figures	  3.17,	  
3.19,	  and	  3.20.	  Shaded	  values	  show	  a)	  diabatic	  temperature	  tendency	  (K/day),	  b)	  DPV	  
tendency	  	  (108	  	  x	  s-‐2),	  	  and	  c)	  diabatically	  induced	  geopotential	  height	  tendency	  (m/hr)	  
overlaid	  with	  total	  geopotential	  height	  tendency	  (dashed	  contours,	  interval	  5	  m/hr).	  	  
20 km grid spacing.	  
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Figure	  3.22:	  Diabatically	  induced	  wind	  tendency	  at	  850	  hPa	  (104	  m/s2,	  
vectors),	  and	  850	  hPa	  temperature	  (black	  dashed	  contours,	  interval	  3	  
C).	  20 km grid spacing.	  
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Figure	  3.23:	  	  Tagged	  QGPV	  averaged	  from	  850	  to	  750	  hPa	  (positive	  values	  
shaded,	  104	  	  x	  s-‐1,),	  geopotential	  height	  at	  (black	  contours,	  interval	  30	  m),	  and	  
temperatures	  at	  850	  hPa	  (blue	  and	  red	  dashed	  contours,	  interval	  3	  C).	  20 km 
grid spacing.	  
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Figure 3.24: Tagged	  Ertel	  PV	  averaged	  from	  850	  to	  750	  hPa	  
(positive	  values	  shaded,	  PV	  units),	  geopotential	  height	  at	  
(black	  contours,	  interval	  30	  m),	  and	  temperatures	  at	  850	  
hPa	  (blue	  and	  red	  dashed	  contours,	  interval	  3	  C). 20 km 
grid spacing.	  
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Figure	  3.25:	  Perturbation	  geopotential	  associated	  with	  DPV	  (shaded,	  
m),	  geopotential	  height	  (black	  contours,	  interval	  30	  m),	  and	  
temperatures	  (blue	  and	  red	  dashed	  contours,	  interval	  3	  C)	  at	  850	  hPa. 
20 km grid spacing.	  
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Figure	  3.26:	  Diabatically	  induced	  wind	  at	  300	  hPa	  (m/s,	  vectors),	  and	  
300	  hPa	  geopotential	  height	  (black	  contours,	  interval	  120	  m).	  Shading	  
corresponds	  to	  values	  of	  absolute	  vorticity	  (scale	  10-‐5,	  s-‐1).	  20 km grid 
spacing.	  
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Figure	  3.27:	  Moisture	  transport	  due	  to	  the	  geostrophic	  wind	  
(shaded,	  g/kg	  m/s),	  and	  moisture	  transport	  due	  to	  diabatic	  wind	  
(black	  contours,	  interval	  0.03	  g/kg	  m/s)	  at	  850	  hPa	  for	  model	  
hour	  12. 20 km grid spacing.	  
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4.) Seasonal simulations 

The results of the case study presented in chapter 3 support the hypothesis that 

adequately resolving latent heating along frontal regions can dramatically increase cyclone 

strength. This chapter compares the findings from the individual case with ten JFM seasons 

to demonstrate how such sensitivity to resolution systematically affects cyclones and 

subsequent stormtrack behavior. The output for this analysis comes from the simulations 

described in section 2.1. Figure 4.1 shows the variance of eddy meridional wind at both 

resolutions. This field is proportional to eddy kinetic energy (EKE), and it is immediately 

apparent that the stormtrack experiences enhanced eddy activity when simulated at higher 

resolution. The following analysis tests the hypothesis that diabatic effects are responsible for 

this dramatic change in eddy behavior. 

 The first indication of diabatic influence is an increase of total precipitation at higher 

resolution. Comparing the top panels from Figures 4.2 and 4.3 reveals enhanced grid-scale 

precipitation with 20 km grid spacing. An offsetting decrease in parameterized convective 

precipitation (middle panels) occurs as expected, since the higher resolution better captures 

mesoscale convective features and reduces the need for parameterization. Spatial 

distributions are similar at both resolutions, as the CP scheme dominates to the south and the 

MP scheme is more active in the north. Differences in net precipitation, of about 10%, are 

most apparent in the entrance region (bottom panels). One-point regressions are used to 

determine the typical cyclone structure and influence of enhanced latent heating at two 

locations in the stormtrack. 
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4.1) Regression analyses 

4.1.1 Entrance region 

 We perform one-point regressions using high-pass filtered data, as described as in 

section 2.3. The lack of a strong upper-level height perturbation in the case study motivates 

the use of a geopotential height base-point at 850 hPa rather than 500 hPa. We regress 

against negative height anomalies so that the results may be interpreted as the typical 

structure of a low-pressure system. In the entrance region this point is located at 45 N, 55 W. 

Figure 4.4 shows the typical cyclone structure, as estimated by the linear regression. Diabatic 

heating ahead of the low at t-24 hr is consistent with the expected location of frontal 

precipitation and related latent heat release. At t-0 hr, the heating expands spatially and shifts 

toward the center of the cyclone. The storm and associated heating weaken substantially by 

t+24 hr, indicating that the importance of latent heating either decreases downstream from 

this region or is less concentrated, leading to statistical smoothing. The vertical cross section 

of heating is consistent with the case study cyclone, where heating is located ahead of the 

low and concentrated below 400 hPa. Cooling associated with evaporating and melting 

precipitation is present closer to the surface. The mean temperature tendency in this region is 

positive, corresponding to the mean heating associated with developing cyclones. Negative 

anomalies located behind the regression cyclone, therefore, correspond to an absence of 

heating rather than a physical cooling process. Such artifacts motivate the use of caution 

when interpreting results from regression analyses. 
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 Diabatic PV tendency regressions associated with the heating are shown in Figure 

4.5. The lower tropospheric DPV generation is located in the same region as the heating 

ahead of the cyclone, and is strongest at t-24 hr and t-0 hr. A cross section through the same 

area reveals the same vertical dipole present in the chapter 3 case study. Cooling due to 

evaporation and melting, and the abrupt increase in condensation at the cloud base lend to 

greater temperature gradients below the maximum heating than above it. The result is more 

concentrated diabatic PV generation at in the lower troposphere than PV destruction aloft. 

While the vertical integral of DPV tendency must equal zero, anticyclonic PV aloft would 

most likely be displaced downstream due to advection and horizontal tilting of the absolute 

vorticity vector, as discussed previously. 

 Inverting the DPV tendencies using the same methods as in chapter 3 gives the 

diabatic height tendencies (Figure 4.6). The diabatic height tendencies are strongest at t-24 

hr, and weakest at t+24 hr, and are located just behind the total height tendencies. The 

substantial decrease in the strength of both fields at t+24 hr demonstrates how storm 

development drops off rapidly away from the region of maximum baroclinicity. 

Alternatively, the lack of cyclone structure could be an effect of the regression, as storms 

diverge in tracks away from the region of concentrated surface baroclinicity. In any case, the 

maximum spatial concentration of latent heat release is located just off the eastern 

continental coast.  

The vertical structure in Figure 4.6d reveals a significant contribution to surface 

development of about 25% of the total height tendency.   Positive height tendencies aloft 

suggest a retardation of upper-level development and propagation. This vertical structure acts 
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to maintain the westerly tilt with height of the system, staving off the loss of westerly tilt. 

The negative effects aloft are likely exaggerated since anticyclonic DPV tendencies are 

located further downstream when viewed outside of the QG framework. This typical cyclone 

structure and the role of heating during its evolution is consistent with the chapter 3 case 

study and a number of studies discussed in chapter 1. 

 The same regression plots of high-resolution variables are shown for comparison. 

Latent heating is stronger at all levels, as seen in the Figure 4.7 cross-section. Cooling near 

the surface is also stronger, suggesting that the enhanced condensation is indeed related to 

greater surface precipitation. Despite increased magnitudes, the horizontal and vertical spatial 

structures are very similar to the low-resolution regressions, with only slight enhancement in 

the cold frontal region. This implies that the linear regression technique statistically smears a 

variety of frontal structures, effectively minimizing the differences between resolutions. 

Despite the smoothing, heating increases directly ahead of the low suggest stronger moisture 

transport into the terminus of an atmospheric river.  

 Stronger heating and cooling anomalies at 20 km grid spacing result in stronger 

vertical temperature gradients and enhanced DPV tendencies, relative to the average system 

strength (Figure 4.8). Again, cooling near the surface generates strong positive PV in the 

lower troposphere, with minimal PV degradation aloft. Diabatic height tendencies from 

inversion are significantly stronger, as are total height tendencies (Figure 4.9). This is 

congruent with the enhanced deepening rate at higher resolution present in the chapter 3 

results. The relative contribution of diabatic height tendency to total height tendency is also 

stronger (~38% compared to ~25% at 120 km) at the time of maximum deepening. These 
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results again indicate a strongly positive feedback between diabatic influence and cyclone 

strength. The next section discusses the relative importance of DPV in the exit region of the 

stormtrack. 

 

4.1.2 Exit region  

The analysis in 4.1.1 is repeated for a basepoint in the exit region of the stormtrack. 

The eastern basepoint is located at 55 N, 15 W. Figure 4.10 shows that the typical cyclone 

structure and heating patterns are similar to those in the entrance region, but are much less 

defined than in the eastern North Atlantic. Diabatic effects vanish at t+24 hr, as the cyclone 

travels over land and out of the stormtrack entirely. The DPV tendency is again calculated 

and inverted, resulting in the diabatic height tendencies in Figure 4.11. The relative 

contribution to total height tendency (~30%), and the qualitative effects on vertical tilt and 

propagation are consistent with the entrance region. 

 The sensitivity to resolution is also consistent with that seen in the entrance region, 

with higher horizontal resolution resulting in stronger lower tropospheric height perturbations 

and stronger latent heating (Figure 4.12). Inverting the DPV tendency gives slightly 

enhanced diabatic height tendency anomalies relative to the coarse resolution (Figure 4.13). 

This region experiences substantially more variability in storm paths than the western North 

Atlantic as indicated by the variability of the NAO. Thus, while DPV may be important for 

the development of some intense storms in the stormtrack exit, the cyclone signature is less 

informative as the regression combines the effects of weaker storms and storms that are more 

remote to the base point. 
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 The previous results show that the strength of diabatic forcing is stronger when 

simulated at higher resolution. This result is true at both basepoints, but the effect is much 

stronger in the entrance region regardless of resolution. The relative sensitivity to resolution 

is greater at higher resolution in the entrance region where the effects are strongest. Type C 

storms in the exit region may depend more on DPV, yet the weaker magnitudes suggests that 

its representation may be less important at the climate scale. The smoothing seen in the exit 

region also demonstrates the major weakness of the regression method. For this reason, 

further statistical analysis is presented to determine the implications of resolution-enhanced 

diabatic effects along the entirety of the stormtrack.  

The tagging and inversion methods described in section 2.2 are used to invert the 10 

full seasons of filtered QGPV. Figure 4.14 shows the ratio of the geopotential height 

tendency variance associated with diabatic height tendencies to total height tendency 

variance. This value is computed as 

4.1)     Rdiabatic =
[z
•

'total z
•

'diabatic ]

[z
•

'2total ]
 , 

where primes indicate eddy quantities, dots indicate time tendency (hr-1), and brackets 

indicate 10-season time averages. It is evident that the diabatic contribution to total height 

tendency is significant at both resolutions with maxima over 30%. The increase near the east 

coast of about 5% suggests that diabatic effects are more important at high resolution in the 

area where interdependence between latent heating and storm development is most 
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important. The next section discusses the effect of this sensitivity on stormtrack 

characteristics. 

 

4.2 Stormtrack characteristics 

4.2.1 Energy budget 

Quantities presented in this section are portions of the global energy cycle, as 

discussed in PO92. The Lorenz box diagram in Figure 4.15, adapted from PO92, shows how 

eddies are crucial components of this cycle. The following results demonstrate that 

sensitivity to horizontal resolution reverberates throughout the entire cycle. 

The generation of eddy available potential energy (EAPE), integrated over the mass 

of the atmosphere, is given by the term 

4.2)     G(Pe ) = ! [T *Q*]dm" 	  ,	  

and occurs when warm areas are heating, or cold areas are cooled, which enhances 

baroclinicity. Figure 4.16 shows [T*Q*], where Q* is highpass-filtered diabatic temperature 

tendency, and T* is highpass-filtered temperature. There is substantially more EAPE 

generation at the higher resolution, consistent with the increase in heating rates seen in the 

case study. The increase is most dramatic in the western half of the stormtrack. This suggests 

that the enhanced heating seen with 20 km grid spacing results in more energy entering the 

eddy energy cycle. 

Once generated, EAPE is converted to eddy kinetic energy (EKE), as given by the 
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equation 

4.3)     C(Pe ! Ke ) = " g[! *"*]dm# ,	  

where [ω∗α*] is synonymous with warm air rising and cold air sinking, or the covariance 

between vertical velocity and temperature. This covariance is shown in Figure 4.17 for both 

resolutions. An increase in conversion rate at higher resolution is evident, especially in the 

western Atlantic. This follows naturally from the increased EAPE, as well as the strong 

sensitivity to resolution seen in vertical velocity fields that results from sharper frontal 

gradients. The striking magnitude and consistency over ten seasons improves confidence in 

the influence of horizontal resolution on eddy development.  

 

4.2.2 Eddy fluxes 

Eddy fluxes are vital for the global redistribution of heat, moisture, and momentum, 

and fluxes can feed back on the eddies themselves. Eddy heat flux creates additional EAPE 

by converting MAPE when warm air moves poleward or cold air moves equatorward and 

local baroclinicity is increased. This process is represented by the expression  

4.4)     C(Pm ! Pe ) = "cp # [v*T*]![T ]
R!"

dm$
	  ,	  

where the rate of conversion is proportional to [v*T*], or the covariance of meridional 

velocity and temperature as shown in Figure 4.18.  The maximum value of eddy heat flux at 

850 hPa is 19.3 Km/s at 120 km, and increases 36% to 26.3 Km/s at 20 km. The maximum 

value of heat flux by the diabatic winds increases by 62%, from 3.7 Km/s to 6.0 K/ms. The 
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relatively greater change in diabatic flux suggests that the enhancement of diabatic effects 

with resolution is the result of a strong positive feedback. The radiative generation of MAPE 

at low and high latitudes is presumably insensitive to resolution, indicating that the enhanced 

conversion is a result solely of increased EAPE reverberating through the energy cycle. 

Poleward moisture flux is another important component of the general circulation and 

a process that is of interest to climate modelers. The amount of mean and eddy moisture 

transport has implications for the efficiency and strength of the entire general circulation. 

Figure 4.19 shows time averaged total and diabatic moisture transport at 850 hPa. Again, the 

increase in maximum diabatic flux with resolution is much greater (56%, 1.8 to 2.8 g/Kg 

m/s) than the maximum total increase (36%, 7.0 to 9.5 g/Kg m/s). 

 

 Eddy feedback on the mean flow is largely by the flux of momentum, converting 

EKE to mean kinetic energy MKE, as in the expression 

4.5)     C(Ke ! Km )" [v*u*]cos! "([u] / cos!)
R"!

dm#
.
 

Figures 4.20a and 4.21a show the covariances of eddy zonal and meridional wind at 300 hPa, 

synonymous with the conversion of EKE to MKE, at both resolutions. The effect of more 

eddy activity is increased momentum flux poleward and equatorward into the jet stream. The 

increased flux of momentum subsequently results in stronger mean flow (compare 4.20b and 

4.21b). The sensitivity of the mean flow to resolution then arises from enhanced eddy activity 

at 20 km grid spacing. Such a change subsequently feeds back into the eddy energy budget 

by generating EAPE and restoring baroclinicity as discussed in Robinson (2006).  
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 These results beg the question of whether the higher resolution simulations are in fact 

the more realistic solution. Figure 4.22 compares 5 years (2002-2006) of JFM daily mean  

10-m model simulated winds with QUIKSCAT satellite observations. This analysis 

demonstrates that the systematically weaker storms simulated at lower resolution are also 

weaker relative to satellite observations. Satellite wind measurements are not without their 

own caveats, but the general picture agrees with our finding that higher resolution is needed 

to simulate cyclones of realistic strength. 
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Figure 4.1: Variance of highpass-filtered meridional velocity at 300 hPa, based on 
10 seasons at a) 120 km, and b) 20 km grid spacing. Green dots represent 
basepoints used for regression analyses, located at (45,-55) and (55,-15). 
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Figure 4.2: Accumulated precipitation (m) for 10 seasons from the a) MP scheme, 
b) CP scheme, and c) combined at 120 km grid spacing. 
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Figure 4.3: Accumulated precipitation (m) for 10 seasons from the a) MP scheme, 
b) CP scheme, and c) combined at 20 km grid spacing. 
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Figure 4.4: Total diabatic heating (K/day, shaded) and geopotential height 
(contours, interval 8 m) at 700 hPa regressed against negative geopotential at 850 
hPa, (45 N, 55 W). The green dots indicate the location of the basepoint, and the 
green line in panel a) corresponds to the vertical cross-section shown in panel d). 
Time lags of a) t-24 hr, b) t-0, and c) t+24 hr. Grid spacing is 120 km. 
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Figure 4.5: DPV tendency (s-2) averaged from 850 hPa to 750 hPa and geopotential 
height (contours, interval 8 m) at 850 hPa regressed against negative geopotential at 
850 hPa, (45 N, 55 W). The green dots indicate the location of the basepoint, and the 
green line in panel a) corresponds to the vertical cross-section shown in panel d). Time 
lags of a) t-24 hr, b) t-0, and c) t+24 hr. Grid spacing is 120 km.	  
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Figure 4.6: Diabatic height tendency (m/hr, shaded) and total geopotential height 
tendency (contours, interval 0.8 m/hr) at 850 hPa regressed against negative 
geopotential at 850 hPa, (45 N, 55 W). The green dots indicate the location of the 
basepoint, and the green line in panel a) corresponds to the vertical cross-section 
shown in panel d). Time lags of a) t-24 hr, b) t-0, and c) t+24 hr. Grid spacing is 
120 km. 
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Figure 4.7: Total diabatic heating (K/day, shaded) and geopotential height 
(contours, interval 8 m) at 700 hPa regressed against negative geopotential at 850 
hPa, (45 N, 55 W). The green dots indicate the location of the basepoint, and the 
green line in panel a) corresponds to the vertical cross-section shown in panel d). 
Time lags of a) t-24 hr, b) t-0, and c) t+24 hr. Grid spacing is 20 km. 
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Figure 4.8: DPV tendency (s-2) averaged from 850 hPa to 750 hPa and geopotential 
height (contours, interval 8 m) at 850 hPa regressed against negative geopotential 
at 850 hPa, (45 N, 55 W). The green dots indicate the location of the basepoint, 
and the green line in panel a) corresponds to the vertical cross-section shown in 
panel d). Time lags of a) t-24 hr, b) t-0, and c) t+24 hr. Grid spacing is 20 km. 
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Figure 4.9: Diabatic height tendency (m/hr, shaded) and total geopotential height 
tendency (contours, interval 0.8 m/hr) at 850 hPa regressed against negative 
geopotential at 850 hPa, (45 N, 55 W). The green dots indicate the location of the 
basepoint, and the green line in panel a) corresponds to the vertical cross-section 
shown in panel d). Time lags of a) t-24 hr, b) t-0, and c) t+24 hr. Grid spacing is 20 
km. 
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Figure 4.10: Total diabatic heating (K/day, shaded) and geopotential height 
(contours, interval 8 m) at 700 hPa regressed against negative geopotential at 850 
hPa, (55 N, 15 W). The green dots indicate the location of the basepoint, and the 
green line in panel a) corresponds to the vertical cross-section shown in panel d). 
Time lags of a) t-24 hr, b) t-0, and c) t+24 hr. Grid spacing is 20 km. 
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Figure 4.11: Diabatic height tendency (m/hr, shaded) and total geopotential height 
tendency (contours, interval 0.8 m/hr) at 850 hPa regressed against negative 
geopotential at 850 hPa, (55 N, 15 W). The green dots indicate the location of the 
basepoint, and the green line in panel a) corresponds to the vertical cross-section 
shown in panel d). Time lags of a) t-24 hr, b) t-0, and c) t+24 hr. Grid spacing is 20 
km. 
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Figure 4.12: Total diabatic heating (K/day, shaded) and geopotential height 
(contours, interval 8 m) at 700 hPa regressed against negative geopotential at 850 
hPa, (55 N, 15 W). The green dots indicate the location of the basepoint, and the 
green line in panel a) corresponds to the vertical cross-section shown in panel d). 
Time lags of a) t-24 hr, b) t-0, and c) t+24 hr. Grid spacing is 20 km. 



	   87	  

	  

!"# $"#

%"# &"#

!"# $"#

%"# &"#

Figure 4.13: Diabatic height tendency (m/hr, shaded) and total geopotential height 
tendency (contours, interval 0.8 m/hr) at 850 hPa regressed against negative 
geopotential at 850 hPa, (55 N, 15 W). The green dots indicate the location of the 
basepoint, and the green line in panel a) corresponds to the vertical cross-section shown 
in panel d). Time lags of a) t-24 hr, b) t-0, and c) t+24 hr. Grid spacing is 20 km. 
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Figure 4.14: Diabatic contribution to variance of geopotential height tendency at 850 
hPa. Values shown at a) 120 km, and b) 20 km grid spacing. 
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Figure 4.15: Lorenz energy cycle adapted from P092. Subscripts 
correspond to mean (m) and eddy (e) values of potential (P) and kinetic (K) 
energy.	  
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Figure 4.16: EAPE generation values at 700 hPa for a) 120 km, and b) 20 km grid 
spacing. 
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Figure 4.17: EAPE to EKE conversion at 700 hPa for a) 120 km, and b) 20 km grid 
spacing. 
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Figure 4.18:  Meridional heat flux at 850 hPa for a) 120 km, and b) 20 km grid 
spacing. Shaded values correspond to total geostrophic heat flux, and black 
contours correspond to diabatic heat flux (interval 0.6 Km/s). 
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Figure 4.19:  Meridional moisture flux at 850 hPa for a) 120 km, and b) 20 km grid 
spacing. Shaded values correspond to total geostrophic moisture flux, and black 
contours correspond to diabatic moisture flux (interval 0.4  g/Kg m/s). 
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Figure 4.20: a) Meridional momentum flux	  (m2/s2)	  and b) time average wind 
speed (m/s) at 300 hPa. 120 km grid spacing. 
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Figure 4.21: a) Meridional momentum flux	  (m2/s2)	  and b) time average wind 
speed (m/s) at 300 hPa. 20 km grid spacing. 
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Figure 4.22: Five-year (2002-2006) JFM average of simulated 10-m winds (m/s) for 
a) 120 km, and b) 20 km grid spacings. c) Five-year (2002-2006) JFM average of 
QUIKSCAT satellite measured surface winds.	  



	   97	  

5.) Summary and conclusions 

 

In recent decades the synoptic-dynamics community has made considerable progress 

in understanding the role and importance of latent heating in mid-latitude cyclone 

development. Some studies report a quantitatively larger role than others, with several even 

reporting negative effects of latent heat release (compare Stoelinga 1996 and Davis 1993). 

The strong positive feedback between mesoscale diabatic processes and cyclone deepening 

results in sizable case-to-case variation. From an array of case studies discussed in section 

1.2.5, the picture of a generally positive and significant contribution emerges.  

Most of the seminal research on this topic has been performed using models that are 

run with relatively coarse horizontal resolution, often at around 100 km grid spacing. The 

current study has added to previous findings by investigating the role of latent heating using 

high-resolution simulations to determine the consequences of under-resolved diabatic effects. 

Our study also uses model computed latent heating for quantitative analysis, avoiding 

complications arising from more crude methods, such as suppressing model heat release 

altogether or computing latent heat as a residual. The results presented in chapter 3 are 

consistent with previous work that indicated a significant contribution of diabatic processes. 

The main contributions to development are confirmed to be 

 

1) A direct contribution to low-level cyclogenesis by the superposition of 

negative geopotential height perturbations near the surface cyclone. 



	   98	  

2) Strengthening of the LLJ and enhanced moisture transport along the warm 

conveyor by the diabatic wind. 

3) Contributions to baroclinicity by directly increasing heat in the warm sector 

and by warm air advection by the diabatic wind. 

4) Prevention of the loss of favorable westerly tilt by retarding progression of 

the upper-level trough and maintenance of westerly tilt with height. 

 

While all of these mechanisms have been discussed in previous literature, we have 

shown that the positive diabatic feedback described by these contributions is enhanced when 

simulated with 20 km grid spacing.  Stronger vertical velocities along fronts result in more 

condensation and stronger positive PV in the lower troposphere. The circulation associated 

with the frontal PV rapidly strengthens frontal progression and the LLJ as described by 

Lackmann (2002). The stronger warm conveyor belt results in more moisture transport and 

an atmospheric river that terminates near the cyclone center. Height tendencies from PV 

tendency inversions show that the terminus of this river is coincident with the strongest 

diabatic effects, consistent with Zhu and Newell (1994). Enhancement of nearly every 

cyclone feature culminates in an additional 8 hPa decrease of MSLP over just 24 hours. An 

alternative mechanism that can explain the increase of eddy intensity without diabatic effects 

is not apparent. 

 One-point regressions and stormtrack statistics indicate that latent heat is stronger and 

more concentrated in the western part of the stormtrack. It was also seen that the mechanism 

depicted in the case study is typical throughout the stormtrack. The qualitative contribution to 
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total height tendency for the typical cyclone in the regression is consistent with that seen in 

Ch 3. The role of DPV is again to supports growth near the surface while opposing 

progression aloft, maintaining the westward tilt with height.  

Ahmandi-Givi (2004) suggested that the role of diabatic processes might vary in 

regions with systematically different cyclone types. The regression technique we have used 

averages strong and weak storms in the exit region and storms that are less spatially 

concentrated than in the entrance region, resulting in a generally weak diabatic regression 

signature. Relatively weak values do not imply that diabatic effects are not important in this 

region, and their role in strong storms could increase under climate change. The relative 

contribution is qualitatively the same in the stormtrack exit as in the stormtrack entrance. On 

the scale of the general circulation though, adequately resolving diabatic effects may be more 

important in the western North Atlantic.  

 The theory of how eddies contribute to the general circulation has long been known 

(Lorenz 1967). HV90 demonstrated the crucial contribution of diabatic heating for the 

maintenance of stormtracks. Their method figured diabatic heating as a residual of the 

thermodynamic equation. To this author’s knowledge, no previous attempt has been made 

using high-resolution simulations to quantifying the effects of latent heat release on 

stormtrack activity. The energy-budget analysis from our study demonstrates a near doubling 

of EAPE generation as a result of increased horizontal-resolution. The enhanced diabatic 

heating occurs in the same western region emphasized by HV90. Increased EAPE then 

results in stronger EKE and a more active stormtrack. The difference between resolutions is 

significant, which suggests that representations of stormtrack activity using GCM-resolution 
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simulations are likely underestimated, and may be more deficient when simulating warmer 

climates with increased water vapor. 

 Accurately resolving stormtrack characteristics and diabatic circulations results in 

larger eddy fluxes of heat, moisture, and momentum. The enhanced eddy energy cycle feeds 

back on EAPE by strengthening the mean flow, consistent with the mechanism described by 

Robinson (2006). 

The results presented are subject to the some caveats.  Higher-resolution simulations 

presumably capture more slantwise convection and ageostrophic flow. The use of QGPV 

rather than Ertel PV might therefore lead to an underestimation of resolution effects. Spatial 

structures are similar for both forms of PV, but relative magnitudes were not compared. 

Further analysis would benefit from an EPV framework.  Most concerning is the lack of 

information about PV that has been advected out of the region of generation. PV aloft that 

has been advected vertically from below and negative PV that is advected downstream of the 

storm is also neglected. The influence and potential canceling effects of this negative PV 

require further investigation. A method of tracking PV after diabatic generation is necessary 

for this type of analyses.  

Despite these caveats, our findings have implications for climate modeling. Changes 

in large-scale baroclinicity have been used to explain changes in eddy activity in a warmed 

climate, often with a concession that the role of latent heating needing to be investigated 

further. A warmer climate with more available moisture could result in systematically 

increased latent heat release during the cyclone life cycle, and consistently stronger storms or 
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storms that would not develop if simulated at coarse resolution. Therefore, large-scale 

baroclinicity may be an imperfect predictor of future eddy activity.  

The next part of this project will use global WRF and imposed warming conditions to 

determine if the strong sensitivity to resolution results in stormtrack behavior that is 

congruent with GCM consensus. It is also of interest to see how resolving these important 

diabatic processes affect the general circulation in a warmed climate. Lastly, climatologies of 

cyclones to determine the change of frequency for relatively strong and weak storms in 

different regions could aid in adaptation strategies, particularly for western Europe.
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