
The development and evolution of 
deep convection and heavy rainfall

Unique in spectra, space 
and time

The spatial and temporal 
domains of the phenomena being 
investigated drive the satellite’s 
spectral needs as a function of 
space, time, and signal to noise.  
Nowcasting convection requires 
frequent imaging and sounding 
that can only be provided by 
geostationary satellites.

Presenter
Presentation Notes
This animation is from the first ever one minute interval GOES imagery.  It is only 5 minutes in length but clearly reveals the dynamic nature of convection. It will be discussed in more detail later in this lecture.Notice the overshooting top and gravity waves moving spreading out from it across the anvil.  At this point is valuable to point out viewing perspective (notice the growing convection at the top of the movie).  It is also useful to point to the variability in the cloud field and ask, Why?  The area covered is only a few hundred miles on a side.  In this rapid interval movie, notice how cloud motion can be followed at all levels.



Focus
• Major focus of this lecture is understanding the 

organization, development and evolution of deep 
convection – topics addressed progress from air-
mass to severe thunderstorms
– For detailed information on hurricanes and tropical 

storms see the lectures in the tutorials portion of the 
Virtual Resource Library 

• At the end there is a section on rainfall
– For in depth information concerning rainfall see the 

lectures in the tutorials portion of the Virtual Resource 
Library as well as link to the International Precipitation 
Working Group where algorithms and science 
discussions are available

Presenter
Presentation Notes
Session GoalsYou should be able to:Understand conceptual models of convective development Recognize the intrinsic linking between vertical forcing and instability in convective development and evolutionRecognize the underlying importance of differential heating and vorticity generation in the development and evolution of convectionUnderstand the importance of precipitation and storm outflow to the generating and sustaining convective development and evolutionRecognize the importance of surface heating and the various factors that influence it in the development of instability and the atmosphere’s ability to support convection Recognize the underlying importance of boundary interaction in severe storm development and evolutionUnderstand the interaction between the storm and its environment as that interaction influences storm lifecycleUnderstand the role of vorticity on the local scale in tornado developmentIncrease the forecasters skill in incorporating satellite data in nowcasting convection and severe convective weather



Goals
• Understand conceptual models of convective development 
• Recognize the intrinsic linking between vertical forcing and 

instability in convective development and evolution
• Recognize the underlying importance of differential heating and 

vorticity generation in the development and evolution of convection
• Recognize the importance of surface heating and the various 

factors that influence it in the development of instability and the 
atmosphere’s ability to support convection 

• Understand the importance of precipitation and storm outflow to 
the generating and sustaining convective development and 
evolution

• Recognize the underlying importance of boundary interaction in 
severe storm development and evolution

• Understand the interaction between the storm and its environment 
as that interaction influences storm lifecycle

• Understand the role of vorticity on the local scale in tornado 
development

• Increase the forecasters skill in incorporating satellite data in 
nowcasting convection and severe convective weather

Presenter
Presentation Notes
These are the goals.  While this lecture is abbreviated, there are extensive resources within the Virtual Resource Library that address the topic.



Resources 
• Information from Virtual Resource Library

– Text,  several tutorials and PowerPoint lectures that 
together cover this topic in detail

– Links to imagery and products from the VRL as well 
as Sponsor and Center of Excellence sites

• Lecture notes accompanying presentation
• Electronic version of paper “Local Severe Storm 

Monitoring and Prediction” 
• Detection of low-level thunderstorm outflow 

boundaries at night
– http://www.cira.colostate.edu/ramm/visit/lto.html

Presenter
Presentation Notes
Other resources available on this topic.



After this Lecture, examples utilizing 
special data sets may be used to illustrate 
convective development and evolution.

• In the notes section of some slides there are 
references to publications in the literature 
(see notes with this slide).

NOW ON TO MESOSCALE 
CONVECTIVE DEVELOPMENT 

AND EVOLUTION

Presenter
Presentation Notes
With the various slides there are references given to publications in the literature.  A bibliography that goes with those references appears below.Adler, R.F. and D.D. Fenn, 1979: Thunderstorm intensity as determined from satellite data. J. Appl. Meteor., 18, 502-517.Anderson, R.K., 1974: Application of meteorological satellite data in weather analysis and forecasting.  Tech. Note 124, WMO No. 333, WMO, Geneva, 275 pp.Bader, M.J., G.S. Forbes, J.R. Grant, R.B.E. Lilley, and A.J. Waters, Eds., 1995: Images in weather forecasting, Cambridge Univ. Press, Cambridge, 499 pp.Betts, A.K., 1973: Non-precipitating cumulus convection and its parameterization.  Q. Jnl. Royal Met. Soc., 99, 178-196.Bonner, W. D., S. Esbensen, R. Greenberg, 1968: Kinematics of the Low-Level Jet. J. Appl. Meteor, 7, 339–347.Browning, K.A., ed., 1982: Nowcasting, Academic Press, London, 256 pp.Byers, H.H. and R.R. Braham, Jr., 1948: Thunderstorm structure and circulation, J. Meteorol., 5, 71-86.CIMSS, 2000: International ATOVS Processing Package.  Available on the web at http://cimss.ssec.wisc.edu/opsats/polar/iapp/IAPP.html Connell, B., H., K.J. Gould and J.F.W. Purdom, 2001: High Resolution GOES-8 Visible and Infrared Cloud Frequency Composites over Northern Florida during the Summer 1996-99.  Weather and Forecasting, 16, 713-724.Fankhauser, J., 1971: Thunderstorm environment determined from aircraft and radar observations.  Mon. Wea. Rev., 99, 171-192.Fujita, T.T., 1959: Precipitation and cold air production in mesoscale thunderstorm systems. J. Meteorol., 16, 454-466.Fujita, T. Theodore, 1981: Tornadoes and Downbursts in the Context of Generalized Planetary Scales. J. Atmos. Sci., 38, 1511–1534.Gray, W.M., 1973: Cumulus convection and larger scale circulations I.  Broadscale and mesoscale considerations.  Mon. Wea. Rev, 101, 839-855.Heymsfeld, G.M., G. Szejwach, S. Scholtz and H. Blackmer, 1983: Upper-tropospheric structure of Oklahoma tornadic storms on 2 May 1979.  Part II. Proposed explanation of “V” pattern and internal warm region in infrared observations.  J. Atmos. Sci., 40, 1739-1755.Maddox, R.A., 1980: Mesoscale convective complexes. Mon. Wea. Rev., 61, 1374-1387.Maddox, R.A., L. Hoxit and C. Chappell, 1980:  Study of tornadic thunderstorm interactions with thermal boundaries.  Mon. Wea. Rev., 108, 322-336.Marwitz, J.D., 1972: The structure and motion of severe hailstorms.  Part II: Multi-cell storms.  J. Appl. Meteor., 11, 180-188.Menzel, W.P. and J.F.W. Purdom, 1994:  Introducing GOES-I: The first of a new generation of Geostationary Operational Environmental Satellites.  Bull. Amer. Meteor. Soc., 75, 757-781.Menzel, W.P., F.C. Holt, t.J. Schmidt, R.M. Aune,  A.J. Schreiner, G.S. Wade and D.S. Gray, 1998: Application of GOES-8/9 soundings to weather forecasting and nowcasting. Bull. Amer. Meteor. Soc., 79, 2059-2077 Miller, R.C., 1972:  Notes on analysis and severe-storm forecasting procedures of the Air Force Global weather Central.  AWS Technical Report 200 (rev), USAF, 190 pp.Pielke, R. A., 1984: Mesoscale Meteorological Modeling.  Academic Press, New York, 612 pp.Pielke, R. A., 1987:  The challenge of using mesoscale data in mesoscale models.  Symp. Mesoscale Analysis and Forecasting, Vancouver, ESA SP-282, 651-652.Purdom, J. F. W., 1973:  Meso-highs and satellite imagery.  Mon. Wea. Rev., 101, 180-181.Purdom, J. F. W., 1976: Some uses of high-resolution GOES imagery in the mesoscale forecasting of convection and its behavior.  Mon. Wea. Rev., 104, 1474-1483.Purdom, J. F. W., 1993:  Satellite observations of tornadic thunderstorms.  The Tornado: Its Structure, Dynamics, Prediction, and Hazards.  Geophysical Monograph, 79, American Geophysical Union, 265-274.Purdom, J.F.W. and W.P. Menzel, 1996: Evolution of satellite observations in the United States and their use in meteorology.  Historical Essays on Meteorology 1919-1995, The Diamond Anniversary History Volume of the American Meteorological Society, J.R. Fleming, Ed., Braun-Brumfield, Inc., pp. 99-155.Routunno, R., J.B. Klemp and ML. Weisman, 1988:  A theory for strong, long-lived squall lines.  J. Atmos. Sci., 45, 1027-1040.Sinclair, P.C. and J.F.W. Purdom, 1983:  The genesis and development of deep convective storms.  CIRA Paper No. 1, CIRA, Colorado State University, Fort Collins, Co. 56 pp.Sinclair, P.C. and J.F.W. Purdom, 1984:  The genesis and development of deep convective storms: a new approach to their prediction and possible modification.  CIRA, Colorado State University, Fort Collins, Co. 47 pp.Schereschewsky, P.L., 1945:  Clouds and states of the sky.  Handbook of Meteorology, F.A. Berry, E. Bollay, and N.R. Beers, Eds., McGraw Hill, 1068 pp.Schmidt, J.S., P. Pili, S. Tjemkes, D. Just, J. Kerkmann, S. Rota and A. Ratier, 2002:  An introduction to METEOSAT Second Generation (MSG).  Bull. Amer. Meteor. Soc., 83,  977-992.Segal, M., J. F. W. Purdom, J. L. Song, R. A. Pielke and Y. Mahrer, 1986:  Evaluation of cloud shading effects on the generation and modification of mesoscale circulations.  Mon. Wea. Rev., 114, 1201-1212Tepper, M., 1950: A proposed mechanism of squall lines: The pressure jump line.  J. Meteor., 7, 21-29.Velden, C.S., D. Stettner and J. Daniels, 2000.  Wind vector fields derived from GOES rapid-scan imagery, Proc. 10th Conf. On Sat. Meteor., Amer. Metero. Soc., 9-14 Jan, 2000, Long Beach, Cal, 2023.  Uccellini, L.W., 1980: On the Role of Upper Tropospheric Jet Streaks and Leeside Cyclogenesis in the Development of Low-Level Jets in the Great Plains. Mon. Wea. Rev., 108, 1689–1696.Weaver, J.F., J. Knaff, D. Bikos, G. Wade and J. Daniels, 2002: Satellite observations of a supercell thunderstorm on 24 July 2000 made during the GOES-11 science test.  Weather and Forecasting, 17, 124-138.Wilson, J.W. and R. Carbone, 1984: Nowcasting with Doppler radar: forecaster-computer relationship.  Nowcasting II Symposium, Norrkoping, Sweden, European Space Agency, 177-186.Wilson, J.W., N. A. Crook, C. K. Mueller, J. Sun and M. Dixon, 1998: Nowcasting Thunderstorms:  A Status Report. Bull. Amer. Meteor. Soc., 79, 2079-2099.Zipser, E.J., 1977: Mesoscale and Convective–Scale Downdrafts as Distinct Components of Squall-Line Structure. Mon. Wea. Rev., 105, 1568–1589.Zipser, E.J., 1982: Use of a conceptual model of the life-cycle of MCS’s to improve very short range forecasting. Browning, K.A., ed., Nowcasting, Academic Press, London, 191- 204.



Weather, and weather related phenomena extend across a 
broad range of scales.  In meteorology the link between the 
synoptic scale and the mesoscale is many times a key factor 

in controlling the intensity of local weather.

The only 
observing tool 
capable of 
monitoring 
weather across 
those scales (and 
those scales 
interactions) is 
the 
geostationary 
satellite!

Presenter
Presentation Notes
This GOES 2 km resolution visible animation is a good example of squall line development across the Great Plains of the USA.  Several scales/phenomena are at play here - on the synoptic scale they are: a warm and cold front, a polar jet and the sub-tropical jet.  Each can be determined from their type of cloud fields and movement as shown in the animation.  On the mesoscale, individual storms form and interact with their local environment.Later, other movies from this case can be used to see storm relative motion, the effect of storm growth on jet stream flow (blocking of flow), overshooting tops with downwind cirrus plumes and a variety of other features.



Conceptual models
• Conceptual models are very 

important for satellite image 
analysis and nowcasting

• The spatial and temporal 
domains of the phenomena 
being observed influence the 
type conceptual model that is 
used.

Conceptual model: of 
warm and cold 
conveyors (From Bader et al)

Conceptual models are useful in 
linking  physical processes to image 
analysis and interpretation

Presenter
Presentation Notes
This is a 6.7 micron IR water vapor image showing large scale flow that basically fits the conceptual model that is also presented.  Conceptual models relating to thunderstorms are presented later in this lecture.  However, it is the interaction between the large scale dynamics and local scale factors such as instability and boundary layer discontinuities that often determine the type convection that will develop.  Many times it’s the deepening low pressure system associated with upper level dynamics that causes the increased flow of warm and moist low level air into the warm sector – the intrinsic link between the synoptic scale and mesoscale scale is very important.



The Advantage of Geostationary Satellite Imagery in 
Nowcasting the Development and Evolution of Convection

Prior To Geostationary 
Satellites, The Mesoscale Was 

A "Data Sparse" Region!
Meteorologists were forced to 

make inferences about mesoscale 
phenomena from macro-scale 

observations. Today’s 
geostationary satellites provide 
multispectral high-resolution 

sounding and imagery at frequent 
intervals.  Those data provide 

mesoscale meteorological 
information (infrequently detected 

by fixed  observing sites) on the 
atmosphere’s ability to support 
(and inhibit) deep convection..  

In the example above, 
note how difficult it is to 
use surface data alone to 
identify organized lines of 
convection, which in this 
case is a convergence 
boundary (see next slide)

Presenter
Presentation Notes
Forecasting the development and evolution of convection is one of the most difficult tasks in meteorology today.  There are a variety of reasons for this, one being the lack of observations on the mesoscale and the other being the highly non-linear aspects of convective evolution.  For purposes of this presentation, it is assumed that there is a situation where convection is anticipated and that data from satellites will be used as an aid in the required nowcasting tasks.  Mandatory for this activity are basic conceptual models that are used as guides for understanding (Browning, 1982, Bader, et al, 1995).In this image, notice how well convergence lines can be located in satellite imagery and then confirmed by the surface observations (blue arrow).  In some cases, it is not possible to locate the convergence zones (outflows) because of the lack of a surface observation (yellow arrow).  Recall that a satellite image represents ongoing dynamic and thermodynamic processes in the atmosphere, as reflected by their cloud patterns.



The Advantage of Geostationary Satellite Imagery in 
Nowcasting the Development and Evolution of Convection

Presenter
Presentation Notes
Because of the inherent stability of the atmosphere, the growth from cumulus cloudiness being the predominant type cloud along the convergence zone to cumulonimbus generally is a process taking several hours. It would be a rare thunderstorm indeed that formed without precursor cumulus clouds. Thus, using sequential geostationary satellite imagery to monitor cumulus developing in convergence zones represents one of the primary uses of those data to nowcast deep convective development.  The role of outflow boundaries and organized convergence zones will be discussed later in the presentation.  For the purpose of this slide, note the locations for new development are affixed to well defined convergence zones and pre-existing convective regions.



How Cloudiness viewed from different perspectives: Ground (upper 
left); Aircraft (upper right); Manned space (lower left); 

geostationary satellite (lower right)

0

50

100

1st
Qtr
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East
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North

Presenter
Presentation Notes
Clouds appear differently due to viewing perspective.  This often influences how one thinks about clouds and their development and evolution.  From the ground we see the bottom and sides of clouds.  From aircraft we see the sides, and perhaps bottom and top depending on the aircraft height.  From low orbiting satellites we clearly see the side of the bottom, the side and top of clouds.  From the geostationary satellite, as with low earth orbiting satellite imagery, as we move away from the view at sub-point (immediately beneath the satellite) we see more of the sides of cloudiness, including the side of their bases (especially at extreme viewing angles).  With the geostationary satellite and continuous viewing at high spatial and temporal resolutions, we have the ability to view clouds and cloud pattern evolution at a scale representative of their life cycles and thus better understand them.  With more spectral bands, we are going to be able to better understand their properties.Upper left: Note the stable layer at the top of the small cumulus as well as apparent effects of entrainment on clouds shape.  This cloud shape is actually counter intuitive, since air expands as it rises and one might expect the cloud to become wider at the top as it grows.  This obviously does not happen, and reveals the effect of entrainment on cloud growth.  The important thing is that this entrainment, while leading to cloud erosion locally moistens that portion of the atmosphere, making it more favorable to new cloud growth.  Also note the clear regions dominate!  This is most likely due to broad gentle subsidence in response to the areas of cloud growth (air can’t go up everywhere).Upper right: Picture illustrating variability across a convective cloud field, taken by the author from an aircraft window.  In the convective atmosphere rarely, if ever, is there uniform instability across an area.  Gray (1973) showed that on large scales there must be compensating downward motion in the vicinity of convection, envisioned in the form of gradual broad-scale sinking.  In the case of deep convection this may be envisioned in the form of subsidence around the convective storm as well as downward moving air associated with the storm’s precipitation area (Zipser, 1977).  Further, one needs but observe cloudiness outside an aircraft window (or satellite image) to observe the variability in the atmosphere’s instability as reflected through its cloud cover, as in this example.  This is not new to forecasters, indeed as was pointed by Schereschewsky (1946) long before the beginning of the satellite era: “Clouds are now considered essential and accurate tools for weather forecasting. Every feature of the air masses (discontinuity, subsidence, instability and stability, etc.) is reflected in the shape, amount, and structure of the clouds.” 



Viewing perspective is an important consideration!!! 
Thunderstorms and clouds observed by GOES East over 
Florida.  Is there active convection beneath the anvils?

GOES 
East is at 

75 W  
above the 
equator.  

Florida is 
at around 
85 W and 

35 N.

Presenter
Presentation Notes
Thunderstorms and clouds observed by GOES East over Florida.  Is there active convection beneath the anvils?  The question posed here will be easily answered using the following slide.  However, this image is also useful to introduce the concept of convective development and the sea breeze that develops due to differential heating (among many other factors).  



Clouds over Florida 15 minutes after the previous figure, 
but from GOES-West.  Notice how because of viewing angle 

you can see the side, base and top of thunderstorms.

GOES 
West is at 

135 W  
above the 
equator.  

And has a 
very 

different 
view of 
Florida 

than GOES 
East (but a 

very 
interesting 

one!)

Presenter
Presentation Notes
Clouds over Florida 15 minutes after the previous figure, but from GOES-West.  Notice how because of viewing angle you can see the side, base and top of thunderstorms.  Viewing angles can be used to great advantage when assessing whether or not there is active convection beneath an anvil.  Different views from two satellites can also be used to determine cloud height very accurately using stereographic techniques.



A Few Words About Low Level Water Vapor: 
The Fuel For Deep Convection

• Numerical simulations and field experiments suggest 
that changes in mixing ratio as small at 1 g /kg have 
significant effects on the developing convection.

• Water vapor is a powerful energy source: 1 gm of water 
vapor evaporated into 1 kg of air (a cubic meter at sea 
level) will raise that air’s temperature by 2.5 degrees 
Kelvin! 

• If a storm realizes an additional 1.6 grams of water 
vapor per kilogram of air into its updraft, you have the 
potential of doubling that storm’s energy!

Presenter
Presentation Notes
Field experiments using ground based mesonets, Doppler radar, fixed and mobile rawinsondes, satellite imagery, and research aircraft equipped with specialized measurement devices continue to show that large variations in the atmosphere’s ability to support strong convection exists over scales of 25 km or less.  These moisture fields evolve rapidly as circulations develop and as low level moisture is advected into a region.



A Few Words About Low Level Water Vapor: 
The Fuel For Deep Convection

• Large variations in the atmosphere’s ability to support 
strong convection via low level moisture exists over 
scales of 25 km or less.  
– These moisture fields evolve rapidly as circulations develop 

and as low level moisture is advected into a region.

• Geostationary satellite imagery: capable of mapping at 
the required high temporal and spatial resolution the 
state and evolution of the convective environment on the 
scales necessary to observe it over large areas, 
accurately, on demand (as revealed by the organization 
of the cumulus field and its state of development).

Presenter
Presentation Notes
Field experiments using ground based mesonets, Doppler radar, fixed and mobile rawinsondes, satellite imagery, and research aircraft equipped with specialized measurement devices continue to show that large variations in the atmosphere’s ability to support strong convection exists over scales of 25 km or less.  These moisture fields evolve rapidly as circulations develop and as low level moisture is advected into a region.



The moisture 
available to 

support deep 
convection can 

vary 
dramatically 

over very short 
distances as the 

convective 
boundary layer 

develops.
Left about 2 g/kg 
over a distance of 
about 10 km (from a 
study over Florida , 
based on research 
aircraft flights and 
special rawinsonde 
data).

Presenter
Presentation Notes
The yellow colored portion of the above slide is used to illustrate the difference in moisture amounts between air in the upward motion portion of the convective roll (more moist) and downward portion of the convective roll. From Weckwerth et al, 1996, Convective Variablity within the Convective Boundary Layer Due to Horizontal Convective Rolls, MWR, 769-781.



Differences in moisture dominate the convective potential.

Presenter
Presentation Notes
From the boxes, notice that the less the moisture, the higher the cloud base after either lifting the present sounding or heating the surface until you get free convection; there is also greater convective inhibition and lower values of CAPE (thunderstorm intensity related).  By adding 2 to 2.3 gm per kg of moisture to the lower levels of the sounding, CAPE increases dramatically – CAPE (coupled with vertical windshear) relates directly to the storms intensity. Q is mixing ratio in gm/kg, CIN is convective inhibition, CAPE is Convective Potential Energy, LI is Lifted Index, LCL is cloud base upon lifting, LFC is level of free convection (max sfc T). . From Weckwerth study mentioned previously. 



Illustrating the 
small scale & 

strong increase 
in moisture and 
thunderstorms 

formation along a 
convergence line 
(that eventually 

resulted in 
tornadoes).

Note the increase in 
moisture depth from 
1215 Mountain 
Daylight Time until 
the convective line 
first becomes visible 
as a line of organized 
cumulus clouds three 
hours later.

Presenter
Presentation Notes
This figure illustrates how moisture deepens and becomes greater along organized convergence zones.  In this case the resultant thunderstorm formation resulted in tornadic storm formation.  Notice how the narrow band of increased moisture is only 10-12 km wide.  These measirements were from a special experiment named CINDE for Convective Initiation and Downburst Experiment.  The figures are from an article in the Bulletin of the American Meteorological Society, 1988, by Wilson et al, pages 1328-1348.The next slide shows the orientation of the convergence line and soundings simultaneously released at DVR (Denver), BYR (Byers) and M3 (Mobile).  The final slide shows the cloud line evolution, Doppler signature with hook echo and the tornado.
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Presenter
Presentation Notes
In these soundings, the parcels were lifted from the surface to where the surface mixing ratio and surface potential temperature intersected, giving a lifting condensation level.  In reality, only the BYR sounding would behave this way.  The sounding at DVR dries dramatically above the surface, which would result in a much higher cloud base for that sounding, while the sounding at M3 increases to above 10 gm/kg slightly above the surface.  Indeed, cloud base should be at about 650 mb versus the higher in the vertical value of 600 mb which is shown in the analysis.  This helps explain why such vigorous storms formed (the actually higher moisture above the surface).



Note the small scale increase in moisture that led to thunderstorms 
formation along a convergence line (eventually tornadoes).

Presenter
Presentation Notes
This figure illustrates how moistur3 deepens and becomes greater along organized convergence zones.  In this case the resultant thunderstorm formation resulted in tornadic storm formation.  Notice how the narrow band of increased moisture is only 10-12 km wide.  These measirements were from a special experiment named CINDE for Convective Initiation and Downburst Experiment.  The figures are from an article in the Bulletin of the American Meteorological Society, 1988, by Wilson et al, pages 1328-1348.



Variability in the cumulus field.  The cumulus are at various stages of 
development, from fair weather cumulus to mature thunderstorms. Go 

to next page to view movie illustrating this throughout the day. 

x

Presenter
Presentation Notes
Because of the inherent stability of the atmosphere, the growth from cumulus to cumulonimbus along within convergence zone is normally a process taking a few to several hours. It would be a rare thunderstorm indeed that formed without precursor cumulus clouds. Thus, using sequential geostationary satellite imagery to monitor cumulus developing in convergence zones represents one of the primary uses of those data to nowcast deep convective development. The land-sea breeze, formed due to differential heating will be discussed later.  The Florida coast can be seen in the lower right of the picture (photograph from Manned Spacecraft is from north at bottom to south).  Notice the different stages of cumulus development over land.  One can also note the clear areas off shore (sea breeze subsidence zone) and clear skies over lake Okeechobee (x).   The value of viewing perspective is evident when looking at the thunderstorms in the picture.By clicking on the letters FC along the right hand boarder, one can see a one minute interval movie illustrating convective development over South Florida.  Note that as the sea breeze regime organizes that there remains great variability in the cumulus field.



• We know convection 
exists, but have we 
thought about what is 
required to develop 
convection

• Let’s talk about this 
stability diagram
– Parcel
– Negative area
– Energy input
– Think back to water vapor 

and its variation

Skew-T Log-P 
Diagram

Presenter
Presentation Notes
Skew-T Log-P diagram:  When convection forms under conditions of weak synoptic scale forcing, two factors exert a major influence on its development: instability and low-level convergence.  It is informative to inspect a thermodynamic diagram and envision deep convection as it grows.  This is a typical early morning Skew-T Log-P diagram, shows a moist and stable boundary layer with the potential to fuel deep convection.  In the simplest sense, to realize that convective potential: 1) surface heating and mixing can bring the sounding to an unstable state by reaching a convective temperature; 2) through lifting, low level air reaches a lifting condensation level (LCL) where convection will form, then through further lifting reach a level of free convection (LFC); or, 3) a combination of the two.  



Analysis of perturbation form of vertical equation of 
motion

� δ(w2/2) = -g (ΔT/T) δz

• Integrate from bottom where w=max to 
top w=x

• (wb – wt ) =  {(2g (ΔT/T) (zt – zb)}1/2

• For example if ΔT = 0.5 C, with an 
average environmental T of 290 C over 
a height of 290 meters, with a w of 0.1 
m/s at the top, then w input at the base 
is approximately 3.4 m/s: how can this 
come about?

The example is not from this 
skew-T which is only used  to 
remind you of the negative 
area (LCL to LFC) that must 
be overcome to get free 
convection  

Presenter
Presentation Notes
If one develops a simple perturbation form of the vertical equation of motion, d(w2/2) = -g (DT/T) dz, as Pielke (1984), and integrates the equation from the LCL to LFC using realistic numbers from a sounding (average negative DT = 0.5 C, an average environmental T of 290 C over a height of 290 meters and assumes a vertical motion of 0.1 m/s at the LFC) then the vertical motion input required at the LCL is approximately 3.4 m/s: How can this come about?  To support deep convection when synoptic scale forcing is weak requires substantial low level forcing.  Such forcing is most often confined to organized convergence zones that develop due to differential heating.  A number of such convergence zones will be readily recognized such as land-sea breezes, mountain breezes, urban effects, (op cit, 1984), and cloudy versus clear boundaries (Segal, et al, 1986).  Recall the earlier discussion on low level water vapor.  Whether the lifting is occurring in a favorable region may in part be determined by inspecting the cumulus loud fields state of development and organization as revealed in satellite imagery.



Analysis of perturbation form of vertical equation of 
motion

� δ(w2/2) = -g (ΔT/T) δz

• Integrate from bottom where w=max to 
top w=x

• (wb – wt ) =  {(2g (ΔT/T) (zt – zb)}1/2

• For example if ΔT = 0.5 C, with an 
average environmental T of 290 C over 
a height of 290 meters, with a w of 0.1 
m/s at the top, then w input at the base 
is approximately 3.4 m/s: how can this 
come about?

The example is not from this 
skew-T which is only used  to 
remind you of the negative 
area (LCL to LFC) that must 
be overcome to get free 
convection  

Localized 
forcing in organized convergence

zones integrated over time

Presenter
Presentation Notes
If one develops a simple perturbation form of the vertical equation of motion, d(w2/2) = -g (DT/T) dz, as Pielke (1984), and integrates the equation from the LCL to LFC using realistic numbers from a sounding (average negative DT = 0.5 C, an average environmental T of 290 C over a height of 290 meters and assumes a vertical motion of 0.1 m/s at the LFC) then the vertical motion input required at the LCL is approximately 3.4 m/s: How can this come about?  To support deep convection when synoptic scale forcing is weak requires substantial low level forcing.  Such forcing is most often confined to organized convergence zones that develop due to differential heating.  A number of such convergence zones will be readily recognized such as land-sea breezes, mountain breezes, urban effects, (op cit, 1984), and cloudy versus clear boundaries (Segal, et al, 1986).  Recall the earlier discussion on low level water vapor.  Whether the lifting is occurring in a favorable region may in part be determined by inspecting the cumulus loud fields state of development and organization as revealed in satellite imagery.



Organized circulation
Vorticity - On the local scale

• Convergence on preexisting vorticity
• Tilting of vorticity from one plane to 

another
• Advection from one place to another
• Differential heating (does not require pre-

existing vorticity)
• Friction

Presenter
Presentation Notes
Vorticity -  On the local scale.  When considering this, it is appropriate to drop the coriolis effects since it can be assumed constant across the region of interest (a land and sea breezes, a thunderstorm, cloud lines in the tropics, and other small scale phenomena).  There are basically five ways to change vorticity locally, let’s look at each.  If you want to look at the vorticity equation, the terms break down into the following components: Convergence on preexisting vorticity:  this can be thought of most easily in terms of an ice skater who begins a slow spin, then pulls their arms in to increase the spin and extends them again to decrease spin.  Meteorologically you might think of o slowly rotating thunderstorm’s updraft, where upon increasing its vertical strength stretches the rotating column causing it to spin faster.  Similarly, isentropic potential vorticity can be seen to increase spin dramatically when air within an isentropic surface above the tropopause descends into the troposphere in a fold region and then increasing its spin dramatically due to the much less tight packing of the isentropic surfaces. Tilting of vorticity from one plane to another:  Let us consider a thunderstorm low level environment interaction.  Consider low level environmental air (air that will feed into the thunderstorm updraft) that is rotating in the horizontal plane, like a large helical roll feeding into the thunderstorm.  As the rotating air meets the vertically moving updraft it will be pulled in and up, while still rotating, but now in the vertical plane.Advection from one place to another.  This is an easy one.  Just think of a tornado moving from one place to another, or a whirl in a river moving downstream.Differential heating.  Consider a land sea interface region that is calm and at the same temperature.  Then land heats while the ocean doesn’t and air moves inland and upward with compensating sinking over the se and a return flow from land to sea at some higher level (thus rotation due to differential heating – the land sea breeze.  Similarly, but on a much faster time frame, cool air from a thunderstorm hits the ground and spreads out into the warm environment and a similar circulation (known as solenoidal).Friction:  friction slows air down locally but not so much above, thus creating a circulation due to drag.  In the atmosphere, friction becomes realized easiest over land when surface heating causes mixing of air from the surface layer (which is generally slower moving) aloft.  Over the ocean friction in the boundary layer is not as changing as over land.  Over land at night, with the formation of low level inversions friction is diminished dramatically.Now, take a look at the process of vorticity again.  Three of the components require pre-existing vorticity and just change its form.  Friction can dissipate vorticity.  The only real creation term is differential heating, and as we look at how convection manifests itself over land and water, we will see how important that mechanism becomes, and how differences in friction between land and water surfaces becomes important.  Here’s a thought:  Once air starts rotating due to differential heating (particularly over water) it’s difficult to stop that process.



Differential heating examples

• When one thinks of differential heating the land 
sea breeze phenomena immediately comes to 
mind, as do mountain and valley breezes.  

• Another differential heating mechanism, to be 
addressed later, is the thunderstorm itself: through 
evaporation of rain cooled air a differential heating 
is developed in a quick and often dramatic fashion.



Example of Sea-breeze development (movie next page)

River 

lake

River 

lake

Presenter
Presentation Notes
This picture and accompanying movie provide excellent examples of cumulus formation along a sea breeze front.  When explaining this use the concept of differential heating and the formation of a solenoid with upward motion over land and sinking off shore (note the clear region in the off shore subsidence zones).  This is also a good example of the effect of coast line curvature on where the sea breeze convection is concentrated (a comparison to lenses in optics may help people understand).  Thus where there is a concave shaped coast (relative to the sea) the movement of air inland tends to diverge resulting in the sea breeze forming further inland than with a straight or convex coastal shape.  The extreme of a convex coast is a peninsula where breezes from opposite directions merge, giving rise to earlier and deeper convection than surrounding areas.  Notice these principles in the image where there is a strong cell developing over Eastern Florida peninsula with the convection penetrating further inland to its South (the picture is oriented with east on the left and south to the top).  This picture can also be used to note the effect of prevailing low level flow on sea breeze location.  With the Bermuda ridge across central Florida the off shore prevailing wind in northern Florida holds the sea breeze closer to the coast line (note the smoke plume blowing off shore near Jacksonville).  The picture is also good for showing the effect of lakes and rivers on cumulus formation (they develop their own breeze regimes when the flow is light or for a river parallel to it).  The accompanying movie presents convection developing over land when there is weak instability, thus the movement and orientations of the sea breeze front can be readily followed.  To start the movie move the cursor over the dark region on the right hand side and click the mouse button.Because of the inherent stability of the atmosphere, the growth from cumulus to cumulonimbus along within convergence zone is normally a process taking a few to several hours. It would be a rare thunderstorm indeed that formed without precursor cumulus clouds. Thus, using sequential geostationary satellite imagery to monitor cumulus developing in convergence zones represents one of the primary uses of those data to nowcast deep convective development. Click on picture to the right to see an animation showing development of clouds along a sea-breeze front under a case of easterly flow.  Note the down wind clearing from the various lakes.



Example of Sea-breeze development

River 

lake

River 

lake

Presenter
Presentation Notes
This picture and accompanying movie provide excellent examples of cumulus formation along a sea breeze front.  When explaining this use the concept of differential heating and the formation of a solenoid with upward motion over land and sinking off shore (note the clear region in the off shore subsidence zones).  This is also a good example of the effect of coast line curvature on where the sea breeze convection is concentrated (a comparison to lenses in optics may help people understand).  Thus where there is a concave shaped coast (relative to the sea) the movement of air inland tends to diverge resulting in the sea breeze forming further inland than with a straight or convex coastal shape.  The extreme of a convex coast is a peninsula where breezes from opposite directions merge, giving rise to earlier and deeper convection than surrounding areas.  Notice these principles in the image where there is a strong cell developing over Eastern Florida peninsula with the convection penetrating further inland to its South (the picture is oriented with east on the left and south to the top).  This picture can also be used to note the effect of prevailing low level flow on sea breeze location.  With the Bermuda ridge across central Florida the off shore prevailing wind in northern Florida holds the sea breeze closer to the coast line (note the smoke plume blowing off shore near Jacksonville).  The picture is also good for showing the effect of lakes and rivers on cumulus formation (they develop their own breeze regimes when the flow is light or for a river parallel to it).  The accompanying movie presents convection developing over land when there is weak instability, thus the movement and orientations of the sea breeze front can be readily followed.  To start the movie move the cursor over the dark region on the right hand side and click the mouse button.Because of the inherent stability of the atmosphere, the growth from cumulus to cumulonimbus along within convergence zone is normally a process taking a few to several hours. It would be a rare thunderstorm indeed that formed without precursor cumulus clouds. Thus, using sequential geostationary satellite imagery to monitor cumulus developing in convergence zones represents one of the primary uses of those data to nowcast deep convective development. Click on picture to the right to see an animation showing development of clouds along a sea-breeze front under a case of easterly flow.  Note the down wind clearing from the various lakes.



Example of Sea-breeze development (movie next page)

peninsula

Presenter
Presentation Notes
The inset image may be used to go into more detail concerning peninsula effects and coastal curvature.  Note the sea breeze is further inland south of the peninsula where the coastal curvature is concave with respect to the on-shore breeze.In this movie, greater instability and the merging of sea breeze convergence zones (revealed by organized cumulus cloudiness) leads to strong convection.  Note that the earliest convection is near where the opposite shores are closer together.  As we will come to see the merging of organized convective lines is an important precursor of stronger convective development.



Example of Sea-breeze development

peninsula

Presenter
Presentation Notes
The inset image may be used to go into more detail concerning peninsula effects and coastal curvature.  Note the sea breeze is further inland south of the peninsula where the coastal curvature is concave with respect to the on-shore breeze.In this movie, greater instability and the merging of sea breeze convergence zones (revealed by organized cumulus cloudiness) leads to strong convection.  Note that the earliest convection is near where the opposite shores are closer together.  As we will come to see the merging of organized convective lines is an important precursor of stronger convective development.



Example of early morning GOES image showing 
convection along the night time land breeze front.  Note 

coastal curvature effect.

Presenter
Presentation Notes
At nighttime the situation reverses with cooling over land relative to the warmer water and a night time land breeze develops leading to the formation of offshore organized convection and general clearing over land (where is heavy rains during the day and clear skies at night may lead to stable cloud or fog formation later in the night).  The same holds true for convex and concave regions, however, you must be careful to distinguish between day and night since there is a reversal of meaning because of the curvature influence being relative to the low level flow.  Generally the nighttime breeze is not as strong as the daytime breeze because of heating rates over land being stronger and more pronounced than their nighttime cooling counterpart.



Example of mountain effect on convective development.  Note 
the cumulus over the peaks and compensating subsidence areas.

Presenter
Presentation Notes
Mountains and higher terrain are also areas of favored cumulus development due to differential heating.  The sun heats the side of the mountain relative to the air at the same level, resulting in a type of chimney effect.  As with the sea breeze, the air away from the mountain crests subsides leading to clearer skies in that region (until often becoming covered with afternoon anvil debris).



Example of the effect of river breezes in 
organizing convection

As with sea 
breezes, 
differential 
heating may 
play a role in 
river breeze 
development.  
However with 
rivers their 
size (the 
meandering 
river system) 
and the 
prevailing low 
level flow 
become very 
important.

Presenter
Presentation Notes
As was noted earlier, river systems have effects on cumulus development.  As they set up their convergence zones, the flow of air relative to the narrow convergence zone becomes important in whether or not seep convection will form.  Low level air moving parallel to the river mayl remain in the convergence zone for a sufficient time to reach a level of free convection, while air flow perpendicular to the convergence zone will move in and out of it rapidly and most often not develop into deep cumulus.Again the point: to support deep convection when synoptic scale forcing is weak requires substantial low level forcing.  Such forcing is most often confined to organized convergence zones that develop due to differential heating.  A number of such convergence zones will be readily recognized by the reader: land-sea breezes (Figure 2), mountain breezes, urban effects, (op cit, 1984), and cloudy versus clear boundaries (Segal, et al, 1986). 



In conditions with light winds, areas of early morning cloud cover can 
effect afternoon cumulus development due to differential heating 
between the cloudy and clear regions.  Care must be taken in this 
generalization, as the time of early cloud erosion is crucial in 
determining that areas ability to support convection later in the day. 

Presenter
Presentation Notes
To support deep convection when synoptic scale forcing is weak requires substantial low level forcing.  Such forcing is most often confined to organized convergence zones that develop due to differential heating.  A number of such convergence zones will be readily recognized by the reader: land-sea breezes, mountain breezes, urban effects, and cloudy versus clear boundaries (Segal, et al, 1986).  This example shows the effect of early morning cloudiness on afternoon thunderstorm development, again due to differential heating between the cloudy and clear regions.  One must be careful in generalizing in this instance, because an area that is cloudy in the morning, upon clearing can be very moist and with heating can become exceptionally unstable, just waiting for the right trigger mechanism to move into that area (such as outflow boundaries from the storms that might have formed earlier in the day due to the original differential heating between early cloudy and clear regions).



The importance of low level flow 
with respect to organized 

convergence zones
• The flow of the air in the boundary layer 

with respect to the orientation of the 
convergence zone is important in allowing 
the parcels to realize their potential to move 
vertically and eventually form storms.

• If low level air moves too rapidly through a 
convergence zone it may not rise enough to 
produce even cumulus cloudiness!



Cumulus development and low level flow with respect to 
convergence zones over a small island

Presenter
Presentation Notes
The flow of the air in the boundary layer with respect to the orientation of the convergence zone is important in allowing the parcels to realize their potential to move vertically and eventually form storms.In the context of conceptual models, Betts (1973) showed the importance of cumulus growth and decay in destabilization of the atmosphere through moistening of the cloud layer, thus reducing entrainment as sequential cumulus grew in the same region. This points to the importance of vertical wind shear with respect to the convergence zone: if the flow above the convergence zone is parallel to that zone then as cumulus penetrate into dry air above and die a favorable moist regime will develop, where as if that flow is perpendicular to the zone that will not be the case. In the picture, develop where convergence zones will form under no flow.  Obviously the peninsulas will be favored.  Here the flow is from the bottom of the picture toward the top.  How can we tell? The clouds grow from small to larger as they move through the convergence zone and then die as they move back over water.  If the flow were from left to right, we might expect a larger storm on the downwind side of the flow. 



Cumulus development and low level flow with respect to 
convergence zones over a small island

Movie on 
next page. 
Note the 
low level 
flow and 
develop-
ment of 
strong 
convection 
as the air 
remains in 
the conver-
gence zone

Presenter
Presentation Notes
In the movie, there is a small island oriented East-West at the end of the arrow.  It can be seen by its lighter shade versus the surrounding darker water.In the picture, cumulus clouds grow from small to larger as they move through the convergence zone and then die as they move back over water. This is also illustrated in the movie which may be started by clicking on the yellow box to the right.  While it will be normal for the audience to look at the entire movie, focus their attention to this small area and island.



Cumulus development and low level flow with respect to 
convergence zones over a small island

Note the 
low level 
flow and 
develop-
ment of 
strong 
convection 
as the air 
remains in 
the conver-
gence zone

Presenter
Presentation Notes
In the movie, there is a small island oriented East-West at the end of the arrow.  It can be seen by its lighter shade versus the surrounding darker water.In the picture, cumulus clouds grow from small to larger as they move through the convergence zone and then die as they move back over water. This is also illustrated in the movie which may be started by clicking on the yellow box to the right.  While it will be normal for the audience to look at the entire movie, focus their attention to this small area and island.



Convection over Yucatan down wind from organized 
convective line 

Presenter
Presentation Notes
This is an exceptionally clear example of local convective development downwind from an organized convective line.  1) How can you tell the cumulonimbus is on the lines downwind side?  Note the cumulus extending off shore on Yucatan’s west coast as well as the orientation of the cloud streets over land. This is a good example to inspect for diagnosing the cloud field and pointing to areas with better chances than their neighbors for deep convective development.  Use the stage of cumulus development to infer where less low level vertical forcing is needed to move the cloudiness to a level of free convection. Areas with congestus need much less forcing than near by clear regions where instability and vertical forcing have been insufficient to atain a cumulus stage!  Thus, the satellite image is really revealing ongoing dynamic and thermodynamic processes in the atmosphere.



The effect of low level wind flow (boundary layer) on convective 
development is illustrated by using this slide with the next two 

slides.   

Presenter
Presentation Notes
The winds shown here will be used with the following movies to illustrate favored locations of convergence zones and the movement of convective lines over the ocean with respect to prevailing boundary layer flow.



In this large view note the cumulus blowing off shore in Northern 
Australia.  The following slide is over a longer time period and 

concentrates on the Northern half of the image.

Presenter
Presentation Notes
See notes on previous slide.  A close up of the northern area with detailed notes follows.  Note the convective lines on the right side of the picture, they maintain shape (local organizing vorticity?).



Close up of Northern half of previous movie.

Presenter
Presentation Notes
Pay particular attention to the island in the upper middle portion of the movie and where convection develops recalling that flow is southerly.  Notice the thin convective clouds off the larger land mass to the right.  These are likely remnants of the night time off shore breeze; after all, what mechanism exists to destroy them (think of vorticity here, friction is basically non-existing).  Lines such as there exist for long time periods over water (a few days in some cases) and are locations where deeper convection can develop.



Favored area for stronger convection development: 
Merging Convective Lines

Presenter
Presentation Notes
In satellite imagery it has been noted that where two convergence zones merge locates a favored place for early and strong thunderstorm development (Purdom, 1976), as in this image.  Thus, when nowcasting, one can locate regions where convection is expected to develop sooner and be more intense by identifying merger areas.  Strong convection has developed near Cape Kennedy, Tampa Bay and south of Lake Okeechobee where peninsulas and merging have happened.  Notice to the East the stronger convection that has formed on the downwind side of the island whose long axis is parallel to the low-level flow.  The effect of low-level flow is also evidenced by the deep inland penetration of the sea-breeze in south Florida and the large clearing to the West of Lake Okeechobee.



Satellite derived cloud climatologies are often useful in helping understand the effect of 
local terrain on convective development.  This is the subject of an entire lecture in the 

Virtual resource Library

Presenter
Presentation Notes
Forecasters have long understood the importance of various climatological regimes in weather forecasting.  Over a number of years various satellite products have been developed that may be used to anticipate convection and rainfall locations when certain climatological signals are strong. Recently, scientists have begun to develop mesoscale convective climatologies from geostationary satellite data.  Such climatologies serve as valuable aids for anticipating where convection will develop and grow and are normally stratified by time of day, month and direction of boundary layer flow (Connell, et al, 2001).  However, be aware that there is year to year and season to season variability, and conditions such as el Nino and la Nina can change the amount of convection dramatically.  HOWEVER, the location of convergence zones and their effects under various flow directions will remain.The particular climatology images above are for summer over Florida and some of the surrounding Southern States of the USA. Local satellite cloud climatologies are often useful in helping understand the effect of local terrain on convective development and evolution.  This is the subject of an entire lecture within the Virtual Resource Library.  Top left: Early morning over Florida: note the clear area over the peninsula and convection being focused by the coastal curvature off the West coast.  Also notice the cloudiness over Georgia and South Carolina (north of Florida and along Atlantic Coast; should this be convective in the early morning?  The infrared composite (colder than -32 C) for the same time in the upper right shows this not to be the case; thus the preference for low level stable cloudiness over land in that area. Note that early morning convection is largely over water, with the most persistent region being where the off shore breeze if focused by Coastal curvature. Lower left is Visible imagery composite for weak flow at 1700 GMT, with the lower right its companion infrared composite for cloudiness colder than -32 C. The IR composite will reveal where deeper convection is favored.  Also note that there is a favored region for the nighttime breezes off shore.



Thunderstorm development and evolution

Presenter
Presentation Notes
This manned spacecraft image shows a beautiful thunderstorm over the open ocean.  Notice its three dimensional perspective.  Also notice the ring of cumulus cloudiness (arrows) with a clear interior that is associated with it and some deeper convection along its edge.  We will come to realize that this is a common appearance associated with thunderstorm activity; it is a reflection of the cold dome of air produced by evaportion of rain from the storm, attendant subsidence (thus clearing) and cumulus along its edge (mini cold front).



Photo from manned space 
craft

Expansion of inset to right

Note that deep convection is confined to lines and favored where the lines intersect.  
Also note how clear it is within the interior of some convective regions.

Presenter
Presentation Notes
See text with images.  This is over the ocean.  The important points are that stronger convection is greatly favored along convective lines, and generally more developed where two convective lines intersect.The favored place for convection over the ocean is along lines.  What mechanism, or mechanisms, can hold lines like this together for long time periods (very very long with respect to the lifetime of cumulus clouds. The mechanism is likely vorticity in the vertical plane produces through rain cooling due to the thunderstorms as well as light rain along the arc cloud line.  Once this circulation is in place it will be very hard to destroy over water where friction is weak.



Animation of one minute GOES imagery illustrating the role of 
storm outflow in generating new convection.

Presenter
Presentation Notes
Before the GOES-9 satellite became operational it was placed in a super rapid scanning mode to allow scientists to study a variety of phenomena.  This movie, made from one minute GOES imager clearly demonstrates the role of the sea breeze and lakes, pre-existing convective regions, and thunderstorm outflow boundaries in determining the development and evolution of deep convection.  Because the movie was made early in the satellites checkout period, navigation is not very good – but the convection sure is!!!Recognition of outflow boundaries and understanding their role in triggering new convection is important for nowcasting.  It is precisely this non-liner aspect in the development and evolution of convection that makes it so difficult to nowcast.  Obviously the initiation of convection, timing of its outflow production and characteristics of the convective field and instability ahead of it are required for precise nowcasting.  This is one of the major reasons that precision forecasting ability for of this type convection decreases so rapidly as a function of time (Wilson et al. 1998). Purdom (1976) introduced the concept of convective scale interaction and discussed its role in controlling the development and evolution of deep convection through the intersection of arc cloud lines with other convective areas, lines and boundaries.  It would be five years later before the importance of such interactions were first recognized by Doppler radar (Wilson and Carbone, 1984). To repeat from the previous slide: Referring back to the discussion associated with the Skew T diagram (slides 16 and 17) we can recall that where there is preexisting cumulus that the atmosphere can be forced to deep convection easier than an adjacent clear regions which are more stable. When nowcasting convection, use of the cumulus cloud field as an indicator of the atmosphere’s ability to support deep convective development is very important. The arc cloud line appears as a line of cumulus and cumulus congestus clouds, not as thunderstorms, precisely because as the boundary moves into clear skies there is insufficient vertical motion along it to couple with environmental instability and cause a thunderstorm to develop.  It is where instability ahead of the arc cloud line is manifest by cumulus development that less vertical forcing is required and the outflow boundary may successfully force that air to a level of free convection: thus the preferred region for thunderstorm development.  In the early evening, thunderstorm activity often decreases and cloudiness along the thunderstorm’s outflow boundary decays as the atmosphere into which it moves stabilizes. 



Presenter
Presentation Notes
Upper panels: From Fujita 1955 (left) showing the importance of rain-cooled air in the production of the mesoscale high pressure system. Note the mesohigh can be thought of as a small scale air mass with convergence along its associated mini cold front (pressure surge line). The earlier work by Fujita (right) can be used to illustrate why skies become so clear within the interior of an arc cloud line.  Note the sinking air warms while maintaining its mixing ratio, sinking and clearing, just the opposite of lifting and convective formation!The two lower slides provide a conceptual model of how a storm changes the boundary layer through the rain process, which also effects how vertical mixing and friction may be decreased in the rain cooled air, resulting in a different interaction between the storm and its environment. It was from satellite images that the importance of convective scale interaction, manifested through thunderstorm outflow boundary interaction, became recognized. Purdom (1973) first pointed out that in satellite imagery, the leading edge of the meso-high [thunderstorm outflow boundary] appears as an arc shaped line of convective clouds associated with thunderstorm activity, and that the majority of new convective activity would form along that boundary.  



A flight through an arc cloud line

Presenter
Presentation Notes
Recognition of outflow boundaries and understanding their role in triggering new convection made it important to fly small research aircraft through them to help understand their character.In the upper left is the Cessna Turbo 207 research aircraft, the largest single engine Cessna, that was used for the flights; notice the boom on the left wing that was used to measure all components of the wind.View of the arc cloud and rain from the air; penetrations were made through the non-thunderstorm portion of the arc to the North of Sarasota, Florida (red x).The lower right is one a particular case illustrated here, flown out of Sarasota, Florida (red x).The upper right is a picture taken just before takeoff; you can see the cumulus along the arc cloud line as well as stable cloudiness within the sinking cold dome. 



Aircraft data from penetration of an intense arc cloud’s sub-cloud region

Presenter
Presentation Notes
This figure, aircraft data from one of many research flights made by the author beneath an arc cloud line, reveals a narrow band of strong vertical motion, approximately 7 km wide exists above the narrow convergence zone associated with the outflow boundary (arc cloud line).  In the figure, the thunderstorm that produced the outflow is 10s of kilometers to the west (left in figure) of the arc cloud line.  Particularly interesting is the cool moist negatively buoyant air that exists within the arc cloud’s sub-cloud updraft (left of vertical motion maximum): due to mixing of rain-cooled air from the thunderstorm with environmental air.  This mixed updraft region is evidence of a solenoidal circulation confined to the leading edge of the outflow boundary (Sinclair and Purdom, 1984), and under the right conditions is an important factor in severe storm development.  The confinement of upward vertical motion to a narrow region beneath arc cloud lines was typical of flights beneath them, with the vertical motions becoming weaker the older and more remote the arc cloud line was from its source (Sinclair and Purdom, 1983). 



Conceptual model, based on aircraft flights, 
of the arc cloud line, its parent thunderstorm 
and the density surge line (DSL).

Presenter
Presentation Notes
Schematic illustration of the development of an arc cloud line.



Thunderstorm Outflow Boundaries

• They appear as narrow cumulus lines (on a 
satellite image) as they advance away from 
the parent convective region

• What can you determine from the state of  the 
convection that forms along an outflow boundary

• What causes new thunderstorm development along 
some parts of an outflow boundary but not others?

Presenter
Presentation Notes
What can you determine from the state of  the convection that forms along an outflow boundaryWhat causes new thunderstorm development along some parts of an outflow boundary but not others?             This is addressed conceptually in the following two slides.



Convergence and vertical motion region associated with the arc cloud

Presenter
Presentation Notes
Here DSL refers to Density Surge Line, the convergence and vertical motion region associated with the arc cloud.  In this instance vertical forcing is insufficient to force boundary layer air to deep convection.  Indeed this is generally the case when we see an arc cloud – if vertical forcing were strong enough there would be a thunderstorm there!



Conceptual model of arc cloud 
line interacting with organized 

cumulus region

Presenter
Presentation Notes
A favorable environment allows for vertical forcing and new thunderstorm formation, and then the cycle continues.When nowcasting convection, use of the cloud field as an indicator of the atmosphere’s ability to support deep convective development is very important. The leading edge of the thunderstorm outflow boundary appears as an arc shaped line of convective clouds associated with thunderstorm activity.  The majority of new convective activity forms along that boundary. through the intersection of arc cloud lines with other convective areas, lines and boundaries. Purdom (1976) used these observations to introduced the concept of convective scale interaction and discussed its role in controlling the development and evolution of deep convection



Age of the outflow

• What happens to outflow boundaries as a 
function of time?

• How can they maintain themselves?
• What role might vorticity play?    
• What about new showers?

• What happens when outflows merge?
• Recall the earlier image from a manned spacecraft.  

What was evident where boundaries merged?

Presenter
Presentation Notes
These are important questions and their answer will be illustrated in the slides that follow.



Arc cloud line moving northward from a large convective region 
over the Gulf of Mexico

Presenter
Presentation Notes
Part of a two slide series.  Notice the cloud line north of the convective region.  When going back and forth between this picture and the next it will be obvious that this cloud line is moving slowly north.  The line represents the leading edge of the cold air outflow from the storm system.  Note the direction of the surface winds and watch what happens when the line passes a surface station.



Two hours later the arc cloud line has moved ashore triggering 
new convection (in preferred locations).

Presenter
Presentation Notes
Note convective scale interaction where the new thunderstorms are forming.  So what happens to an outflow boundary over time and its ability to trigger new convection.



Multiple exposure over time of arc cloud line shown in previous 
images, which were just two of a sequence.

Notice changes in distance between arcs and their cumulus

Presenter
Presentation Notes
This multiple exposure, taken over about three hours can be used to illustrate the decrease of vertical forcing along an arc cloud as it moves further and further away from its parent source.  Notice that the apparent wave length decreases over time as does the amount of cloudiness along the arc cloud.  The decrease in wave length means it’s slowing down, thus less convergence, and the decrease in cumulus is clear evidence that vertical forcing produced by the arc is decreasing.  Recall it’s the coupling of vertical forcing and instability that leads to cumulus and cumulonimbus development.



What would a mesoscale analysis of this data look like?

Presenter
Presentation Notes
What would a mesoscale analysis of this data look like?  Give it a try, we saw a portion of it much earlier in this presentation.



Satellite data guides the mesoscale analysis with mesoscale reasoning

Presenter
Presentation Notes
Satellite data guides the mesoscale analysis.  While the arc clouds and rain cooled air regions are immediately evident, it is important to note that there are other regions of organized cumulus development that are ready for thunderstorm development under the right circumstances.  See next slide.



Note where the convection forms: Convective Scale Interaction

Presenter
Presentation Notes
The atmosphere showed us its mesoscale character in the satellite imagery.  All we needed to do was use that information to look into the future.  Remember, first comes cumulus who reveal something about how the atmosphere is showing its instability, then comes forcing to interact in favored regions.  Vertical forcing plus instability.



Notice how well the cloud field can be analyzed with 250 
meter resolution MODIS imagery: here we see the effect of 

the process.

Presenter
Presentation Notes
Colse-up of MODIS from prior slide.  Do a mesoscale analysis of this.  Use of high resolution polar orbiting data for convective nowcasting, if it can be gotten in a timely fashion certainly has its place.  Especially if it is used in conjunction with animated geostationary satellite imagery.



GOES-8 loop from 1033 to 1615 (left) and MODIS true color image near 1615 (right).  
While noting the convection over land, pay attention to convection over the ocean.

Observing the process (geostationary) can help analyze polar imagery.

Presenter
Presentation Notes
GOES-8 loop from 1033 to 1615 (left) and MODIS true color image near 1615 (right).  While noting the convection over land, pay attention to convection over the ocean.  This example is nice for comparing a single image (MODIS) and what can be gleaned from it with that from animation.  Actually, by now we should know a lot that helps diagnose the single image.  But, note over water the predominance of lines that don’t change their character much, but advect with the wind.  Notice the thunderstorms along them that give rise to new line appearance.  For the lines over water it is instructive to think about what mechanism exists to destroy them once they have formed, friction is very weak.  Take a look at the thunderstorm and ring in the MODIS image (arrow), and then go back and look at the similar image from the manned spacecraft flight!



GOES-8 loop for entire day and MODIS true color image near 1615 (right).  While noting 
the convection over land, pay exceptional attention to convection over the ocean.

Presenter
Presentation Notes
GOES-8 loop for entire da) and MODIS true color image near 1615 (right).  While noting the convection over land, pay attention to convection over the ocean.



Recent Observations from MSG
Observations of outflow boundaries over Saharan 

Africa reveal that many dust storms are the result 
of thunderstorm rainfall into relatively dry air.  
The dust within the rain-cooled outflow air can be 
followed using the multi-spectral capabilities of 
MSG infrared channels at 8.6, 10 and 12 microns.  
The persistence of these boundaries and their 
moistened air leads to convective regeneration due 
to the earlier thunderstorm activity.  This is 
illustrated in the next four slides, the final one in 
animations. 



Rainfall raising dust squalls

Dust squalls triggering rain clouds



1.6 μm

0.8 μm

0.6 μm

MSG 2005 06 07 11:00



12.0-10.8 μm
10.8-8.7 μm
10.8 μm

MSG 2005 06 07 11:00

12.0-10.8 μm    Dust more red: Dust has negative 10.8-12 μm BTD

10.8-8.7 μm      Dust less green on desert background with low ε(8.7)

10.8 μm             Dust less blue: Colder than the desert surface





Large scale forcing, convergence zones 
and organized convection

• A short section on large scale forcing and development 
of storms along synoptic scale convergence zones 
follows.  It focuses on mid-latitude systems, although 
some of the principles hold for tropical systems.  .

• Also included is a discussion on over shooting storm 
tops and anvil cloud top characteristics

– This serves as a lead in for using infrared imagery 
identifying stronger convection and storms that are 
likely to be producing heaver rainfall

Please read accompanying notes section before proceeding with 
presentation.  Detailed notes are not necessarily included with each 
slide.  Some principals may be generalized while others require caution.  

Presenter
Presentation Notes
Organized thunderstorm activity is often associated with frontal zone or pre-frontal squall lines (Miller, 1972).  The front or squall line most often is associated with organized surface low pressure, a surface convergence zone, and with highly unstable air within the warm sector.  Upper level support in the form of a short wave trough and jet-streak is often present (Uccellini, 1980).  Synoptically, the upper level features are normally revealed by conventional upper air analyses with their future positions fairly well forecast by numerical weather prediction models.  The major use of satellite data in diagnosing the upper air system is to verify the initial upper air analysis and monitor the movement of the jet-streak or vorticity center into the expected storm outbreak area and as necessary make modifications to the timing of the outbreak.  As the upper level trough moves toward the outbreak area, the upper level wind and mass fields may become so far out of balance that gravity waves are shed by the system and move across the convective region triggering thunderstorm activity and influencing severe storm development (Tepper, 1950) – such triggers have been observed using frequent interval GOES satellite data.  It is common for the low level winds to increase in response to an approaching trough and deepening low pressure system, thus generating a strong low level jet that transports moist unstable air into the outbreak area – the necessity of using rapid interval geostationary satellite imagery to track such a strong low level cumulus flow has been documented (Velden, et al, 2000).  Most often, the organized convergence along the front or developing pre-frontal squall line is readily detected in satellite imagery and along with the warm sectors stability can be monitored to nowcast storm genesis.



Organized line of cumulus and cumulus congestus are being generated along a well 
organized convergence zone, with a well formed thunderstorm along that line.  Note the 
difference in perspective when viewing the thunderstorm with GOES East (right) and 
GOES-West (left).  The formation of cumulus along organized convergence lines such as 
fronts and pre-frontal troughs prior to thunderstorm development is a common feature 
that allows for better nowcasting of squall line development.

Presenter
Presentation Notes
Organized convergence along the front or developing pre-frontal squall line is readily detected in satellite imagery.  In this example a thunderstorm is evident along an organized line of cumulus and cumulus congestus that are being generated along a well organized convergence zone.  Note the difference in perspective when viewing the thunderstorm with GOES East (right) and GOES-West (left)



Numerous studies have 
highlighted the importance of 
knowing the disribution of 
water vapor in predicting 
convective development and 
evolution. The location where 
convection initiates is denoted 
by the upward bulge in the 
isopleths of mixing ratio (q) and 
θ[E].

Presenter
Presentation Notes
From Murphey et al 2006. Monthly Weather Review, 406-429 from IHOP experiment.  The words below are from that article.One of the most common mechanisms to initiate convective storms is by organized lines of convergence (e.g., Purdom 1976 , 1982 ; Wilson and Schreiber 1986 ; Wilson and Mueller 1993 ; Wilson et al. 1998 ). Such boundaries include synoptic-scale fronts, drylines, the leading edge of cold outflows from convection, and sea-breeze fronts. The challenge for forecasters, however, is determining 1) which boundaries will initiate convection, 2) where along the boundary convection they will initiate, and 3) exactly when the convection will initiate.Another important aspect of this study is the water vapor field retrieved by a horizontally pointing differential absorption lidar (DIAL) that was mounted on board the same aircraft equipped with the airborne Doppler radar. Accordingly, there was a simultaneous collection of Doppler radar and lidar data over the same region of the dryline flown by the aircraft. Resolving the moisture field, in addition to other kinematic data, within and in the vicinity of the convergence boundaries represents a unique opportunity that has never been previously attempted. There have been several studies that have highlighted the importance of accurate estimates of water vapor in predicting convection initiation. Numerical simulations by Lee et al. (1991) and Crook (1996) suggest that changes in mixing ratio as small at 1 g kg−1 have significant effects on the developing convection. Weckwerth et al. (1996) and Weckwerth (2000) question the representativeness of thermodynamic profiles based on soundings launched from point locations. They suggest that variations in mixing ratio of 1.5–2.5 g kg−1 are commonly observed in the boundary layer over distances of only a few kilometers. Three distinct air masses can be identified in the analysis of the winds and thermodynamic fields…. The post-cold-frontal air was characterized by cool, moist conditions and persistent northerly flow up to a depth of 750 mb. Relatively cool and moist conditions associated with southerly flow were also noted east of the dryline. Both of the cool air masses are capped by strong stable layers as indicated by the packing of the isopleths of virtual potential temperature (θV). The air mass between the two boundaries (i.e., the dry tongue) is warm, relatively dry, and accompanied by west-southwesterly winds. The location where convection initiates is denoted by the upward bulge in the isopleths of mixing ratio (q) and θV. This is also the region where the boundary layer is well mixed up to the  650 mb level and capped by a weak stable layer. Similar moisture bulges have been observed (Schaefer 1974 , 1986 ; Ziegler and Hane 1993 ; Ziegler and Rasmussen 1998 ) and simulated (Ziegler et al. 1997 ) and were attributed to deep convergence and updrafts. The entire region shown in Fig. 5b   is potentially unstable as shown by the analysis of equivalent potential temperature (θE). The isopleths of θE mimic the upward bulge in q in the region where convection is initiating. The lowest values of θE are found in the dry tongue between the cold front and dryline. 



GOES-West view of organized cumulus convection along convergence 
zone ABCD, with convection being triggered at B by gravity wave EF

Presenter
Presentation Notes
GOES-West view. 1 km visible image at 1745 UTC over Texas on May 27, 1997, showing organized convection along convergence zone ABCD, with convection being triggered at B by gravity wave EF.  The well formed convergence line is along a stationary front.  Along this line very intense thunderstorms formed (shown later in presentation).  The generation of the gravity wave was triggered by a nighttime MCC that has since moved eastward from Arkansas and died.



Developed squall line (from GOES East) and tornado

Presenter
Presentation Notes
Squall line that developed along stationary front.  The large storm in the middle produced an exceptionally intense tornado (F5 – shown in inset to right) that moved across the town of Jarrel, Texas, and ripped asphalt off a road surface and totally destroyed things in its path!



Nowcasting requires information on mesoscale thermodynamic structure 
of atmosphere, cloud type and vertical wind shear

Important for Nowcasting Convection and Severe 
Weather

• Vertical wind shear
• Evolving instability field

• Strength of storm 
produced cold pool
• Updraft strength

• Anvil characteristics
Development

Temperature structure
• Storm-environment 

interaction
• Cloud top rotation

• Storm damage

Presenter
Presentation Notes
Winds and Vertical shear cloud motion relative to the severe stormmoisture motion (6.7 microns) for location of jet stream axisEvolving instability fieldsurface heating and destabilizationinstability and moisture field as revealed by satellite sounding and organization of cumulus fieldCold pool productionrevealed in imageryUpdraft strengthIR anvil top temperatureovershooting topsAnvil characteristics & storm environment interactiongrowth and detailed upper level atmospheric motion and water vapor behaviormultispectral analysis of anvilRotating overshooting topRapid scan visible imageryStorm damageHigh resolution land observing satellites 



Thunderstorms developing along a cold front.  Note the organization of 
the developing squall line as well as the cloud field ahead of it.

Presenter
Presentation Notes
Note the well defined cumulus line along the cold front.  It is here that thunderstorms are forming as they feed off of moist unstable air within the warm sector.  The vectors on the picture were developed relative to storm motion (215 degrees at 35 knots).  The yellow vectors are for cirrus level and clearly show diffluence across the region.  Low level flow relative to the storms show that the storms are actually overtaking the unstable air to their east, although the cumulus flow relative to the earth is from the south (see on following two movies).  Next to the northern storm and extending southeast are stable wave form stratus clouds.  These clouds are forming in more stable air that may be north of the surface warm front, or can reflect stabilized air from the large Mesoscale Convective Complex whose anvil can be seen at the extreme right side of the image.  The transition of cloudiness from wave form to cumulus is an indicator of a change from a more stable to more unstable boundary layer air: it is this particular interpretation where care must be given; the wave cloud air can be very unstable, but may require very strong lifting for that stability to be realized.  Furthermore, in some cases cumulus will align into rolls that are parallel to the mean flow in the boundary layer; this usually happens when there is a strong low level (capping) inversion in the warm sector – these streets should not be confused with stable wave form clouds north of a warm front.  The broad scale movie that follows will show the various flow fields and organization of the thunderstorm activity.



April 21, 1991 Tornado Outbreak

• 2 km visible
• 1831-0030 Z
• Earth 

Relative 
Motion

• Main severe 
outbreak 
across Kansas 
& Oklahoma

• Note cirrus 
motion and 
squall line 
development

Presenter
Presentation Notes
Larger scale animation of prior slide (the next movie is more close up).  Note the jet cirrus flow, diffluence aloft, dying MCS to the East, more stable boundary layer as reflected through cloud field, notice how late in the day that the cumulus in the southern portion of the image transition to a more stable appearing structure.  Looking at the broad scale cumulus flow, one can visualize the convergence along the frontal zone.



April 21, 1991 Tornado Outbreak

• 1 km visible 
zoomed to ½ km 
scale

• 1831-0030 Z
• Earth Relative 

Motion
• Across Kansas & 

Oklahoma 
boarder

• Note cumulus 
flow, 
overshooting 
tops and cirrus 
motions

Presenter
Presentation Notes
In response to large scale forcing, boundary layer cumulus stream Northward.



April 21, 1991 Tornado Outbreak

• 1 km visible 
zoomed to ½ km 
scale

• 1841-2030 Z
• Storm Relative 

Motion
• Across Kansas & 

Oklahoma 
boarder

• Note low level 
moist flow and 
shear in cloud 
layer relative to 
developing 
storms and storm 
effect on low 
level 
environment

Presenter
Presentation Notes
Note the relative flow into the storm at low levels, it’s from the east.  



April 21, 1991 Tornado Outbreak

• 1 km visible
• 1841- 0001 Z
• Storm Relative 

Motion
• Across Kansas & 

Oklahoma 
boarder

• Note low level 
moist flow and 
shear in cloud 
layer relative to 
developing 
storms and storm 
effect on low 
level 
environment

Presenter
Presentation Notes
Relative to the major tornadic storms.  Close inspection reveals clearing due to rain cooled air left behind, easterly relative flow into the storm at low levels and strong vertical shear relative to the storm/  Also note the persistent overshooting tops and anvil cirrus.



April 21, 1991 Tornado Outbreak

• 1 km visible
• 2026-0001 Z
• Cirrus 

Relative 
Motion

• Note storm 
effect on 
upper flow

Presenter
Presentation Notes
This movie is relative to the jet cirrus, using a velocity early in the time period when the cirrus was far from the storm’s influence.  As the cirrus approaches the sorm, notice how it decelerates.  This is evidence of the development of a dynamic pressure resulting from the intense anvil level divergence created by the updraft/overshooting top region and a strong tropopause.



One minute visible imagery of severe storms. Note the cumulus in the warm sector:  
this appearance is typical of cumulus capped by an inversion layer.  
The other capping layer is the tropopause: note the overshooting tops and long 
plumes of downstream cirrus above the anvil (typical for a long lived super-cell).

Presenter
Presentation Notes
Often in intense outbreaks boundary layer air ahead of the squall line is capped by an inversion.  In such cases the cumulus form in rolls parallel to the boundary layer mean wind.  Such capping is important because the air in the boundary layer can become very unstable ahead of the squall line leading to intense convection once it encounters the storm.Note the characteristics at cloud tops, plumes downwind and overshooting, as well as boundary layer air feeding these storms.



Vorticity - On the local scale
Helping a storm become severe

• Convergence on preexisting vorticity
• Tilting of vorticity from one plane to 

another
• Advection from one place to another
• Differential heating 
• Friction

Presenter
Presentation Notes
Vorticity -  On the local scale.  When considering this, it is appropriate to drop the coriolis effects since it can be assumed constant across the region of interest (tornadic thunderstorm).  There are basically five ways to change vorticity locally, let’s look at each.  If you want to look at the vorticity equation, the terms break down into the following components: Convergence on preexisting vorticity:  this can be thought of most easily in terms of an ice skater who begins a slow spin, then pulls their arms in to increase the spin and extends them again to decrease spin.  Meteorologically you might think of a slowly rotating thunderstorm’s updraft, where upon increasing its vertical strength stretches the rotating column causing it to spin faster. Tilting of vorticity from one plane to another:  Let us consider a thunderstorm low level environment interaction.  Consider low level environmental air (air that will feed into the thunderstorm updraft) that is rotating in the horizontal plane, like a large helical roll feeding into the thunderstorm.  As the rotating air meets the vertically moving updraft it will be pulled in and up, while still rotating, but now in the vertical plane.Advection from one place to another.  This is an easy one.  Just think of a tornado moving from one place to another.Differential heating.  Consider cool air from a thunderstorm hits the ground and spreads out into the warm environment and a similar circulation (known as solenoidal).Friction:  friction slows air down locally but not so much above, thus creating a circulation due to drag.  In the atmosphere, friction becomes realized easiest over land when surface heating causes mixing of air from the surface layer (which is generally slower moving) aloft.  Over the ocean friction in the boundary layer is not as changing as over land.  Over land at night, with the formation of low level inversions friction is diminished dramatically.Now, take a look at the process of vorticity again.  Three of the components require pre-existing vorticity and just change its form.  Friction can dissipate vorticity.  The only real creation term is differential heating, and as we look at how convection manifests itself over land and water, we will see how important that mechanism becomes, and how differences in friction between land and water surfaces becomes important.  Here’s a thought:  Once air starts rotating due to differential heating it’s difficult to stop that process.



Severe Storms Like Boundaries

•Interaction along a boundary depends 
on both the storm’s and boundaries 
characteristics

Presenter
Presentation Notes
Sharp boundaries between stable and unstable are often revealed through their low level cloud type.  Here more stable waves (B) north of a rain cooled region and cumulus (A) to its south delineate the boundary.  It is rich in vorticity and when the strong thunderstorm interacts with it there is tilting, stretching and convergence leading to tornado formation.  Two hook echoes are obvious in the vertical slices of the radar. In the radar, the well known over hanging vault can be seen above the hooks.



Presenter
Presentation Notes
Other examples of tornadic storms forming when an intense thunderstorm interacts with a well defined boundary, converging upon and feeding on the boundary’s low level  vorticity.



Conceptual model of storm interacting with preexisting boundary.  As 
the storm moves along the boundary low level vorticity along the 
boundary is tilted into the plane of the thunderstorms updraft where it 
undergoes stretching in the vertical.

Presenter
Presentation Notes
Conceptual model of storm interacting with preexisting boundary. Miller (1972) pointed out that in a severe thunderstorm situation when meso-highs were present that the probability of tornado activity increased dramatically.  It was Purdom (1976) who first showed that such boundaries were detectable using satellite imagery and often triggered severe weather.  Maddox, et al, (1980) and Purdom (1976, 1993) pointed out that other organized mesoscale boundaries can serve as the trigger mechanism that causes a storm to evolve to its tornadic phase, although their role was not well understood.  For example, cases were documented where very heavy rains (from the previous evening) produced a boundary with which a severe storm interacted resulting in tornadic activity. That boundary was detectable in satellite imagery as a marked transition zone between stable boundary layer air (low level waves in a stratiform cloud field) and cumulus in the unstable air to its south (Bader et al, 1995, pg 431).  Similarly, a lake breeze front (Bader et al, 1995, pg 433) was shown to be the trigger mechanism for a tornado near Chicago.  Later a conceptual model was proposed to explain the role that low-level boundaries played in a severe storm’s evolution to the tornadic phase (Purdom, 1993).  The mechanism pointed out the importance of vorticity concentrated along the outflow boundary being converged and tilted into the severe thunderstorm’s updraft, resulting in a concentration of low level vorticity at that intersection point.  The important point is that the intersection of a severe thunderstorm with a low level boundary marks a point with a very high potential for intense thunderstorm activity: under the right conditions, the storm will become tornadic.�



Conceptual model: severe thunderstorm
• Conceptual model of a super 

cell severe thunderstorm that 
interacts with and modifies its 
local environment, leading to 
its becoming severe (see also 
accompanying text). 

Figure 14.  Early (top) and mature (bottom) stages of super-
cell’s life..

One minute interval GOES imagery

Presenter
Presentation Notes
This severe thunderstorm is shown in animation using one minute interval GOES imagery.  Among the cloud scale phenomena that are observed are the outflow (rain cooled pool of air, sinking cold pool from model) left behind as the storm moves south.  You can also see convective clouds feeding into the storm along its southwest and south flanks.  Note the overshooting top and long plume of cirrus extending downwind from it. From Purdom “Mausam, 2002”On the right is a conceptual model of super cells like the one in the animation becoming tornadic. At the bottom is the super cell and tornado in mature stage.  Notice how the rain from the storm provides the outflow ahead of the storm.  It is the storm’s motion to the right, likely due to its cyclonic rotation that keeps the updraft feeding on unstable air from the warm sector as it converges with its own vorticity source.  Notice the rear outflow relative to the storms main updraft, then recall the Wichita Falls storm shown earlier.



Wichita Falls, TX tornadic storm 
at 2345 GMT, Apr 10, ‘79

Wichita Falls, TX tornadic 
storm, 30 minutes later

Presenter
Presentation Notes
The severe thunderstorm above was viewed by the GOES-West satellite from its position of 135W over the equator. The thunderstorm’s tornado (below) is about to cause major damage to the town of Wichita Falls, Texas, which is located at 35N, 100W.  Note the viewing perspective of the storm and towers feeding into the updraft region vertically into the overshooting top.The difference in time between the two satellite images is 30 minutes, with the later image being on the right.  In the right hand image, note that the storms outflow is left behind (arc with towers growing from it) with the two eastern most towers extending into the overshooting top region.   If the next two slides are used in the presentation, when the eastern most tower is held stationary relative to the cloud system, the arc cloud can be seen to move away from the storm and appears to move cyclonically relative to the main tower.  Close inspection also reveals cirrus streaming downwind above the anvil from the overshooting top region.With respect to the two tornado images.  On the left the Wichita Falls tornado (F5) approaching a subdivision where it destroyed most of the houses.  Note the multiple funnel vortices.  On the right, a few minutes later, a house, cars, gas station and nearby Trade Winds Motor Hotel about to be destroyed in Wichita Falls.



Wichita Falls, TX tornadic storm at 2345 GMT, Apr 10, ‘79

Presenter
Presentation Notes
To be used with next slide.  Note the perspective and towers feeding into the updraft region vertically into the overshooting top.



Wichita Falls, TX tornadic storm at 0015 GMT, Apr 11, ‘79

Presenter
Presentation Notes
As the storms outflow is left behind (arc with towers growing from it) note how the towers nearest the eastern most major tower extending into the overshooting top region appear to move cyclonically relative to the main tower.  Close inspection also reveals cirrus streaming downwind above the anvil from the overshooting top region.



Imagery and sounder data

Instability field from GOES 
over severe storm area and 
severe storm at one minute 
interval (right)

Presenter
Presentation Notes
Satellite sounder data can provide information on instability and possible intensity of thunderstorm activity.  Notice how the storm leaves its rain cooled air behind as it moves southward.  This locally modified air can effectively decouple the boundary layer behind the storm allowing for accelerated inflow into the rear of the storm.  Further, notice how the storms anvil spreads out from the overshooting top area against the prevailing northwesterly flow – as has been discussed, this is important in setting the stage for a rear flank downdraft.



• The afternoon initiation 
episodes were primarily 
surface based and the 
nocturnal were elevated.

• The surface-based 
initiations occurred 
mostly during the 
afternoon and early 
evening, and the elevated 
initiations during the night 
and early morning. 

• Wilson and Roberts, 
2002: Summary of 
Convective Storm 
Initiation and Evolution 
during IHOP: 
Observational and 
Modeling Perspective. 
Monthly Weather Review:
Vol. 134, No. 1, pp. 23–
47. 

The Nature of Convective Development and Evolution 
Differs Between Daytime and Nighttime

Presenter
Presentation Notes
The afternoon initiation episodes were primarily surface based and the nocturnal were elevated. Thus we see that elevated nocturnal storm initiation is a contributing factor to the nocturnal maximum in rainfall that has been observed over the southern plains. There were 112 convective storm initiation episodes during IHOP. An episode consisted of two or more cell initiations (>40 dBZ) whose close appearance in time and space suggested a common forcing mechanism. The initiation episodes were almost evenly divided between surface based and elevated. The surface-based initiations occurred mostly during the afternoon and early evening, and the elevated initiations during the night and early morning. The surface-based episodes were forced mostly by synoptic fronts and gust fronts. Only 9% of the surface-based episodes were initiated by drylines. The low number of dryline-forced initiation episodes was unexpected and leaves open the question of how representative 2002 was of previous years. Our experience suggests that elevated convective initiation episodes are common in the IHOP area, relatively common in the upper Midwest, and infrequent during the summer in Colorado and Florida. The cause of many of the elevated initiations during IHOP appeared to be associated with synoptic or mesoscale wind convergence or confluence at midlevels (between 900 and 600 hPa) that were of a scale that could frequently be observed in the RUC analysis. We speculate that the high frequency of elevated initiation episodes in the Midwest is a result of relatively frequent midlevel synoptic and mesoscale convergence features coupled with an abundance of midlevel instability. Synoptic-scale features in Florida are less frequent and moisture in Colorado is much less. The high frequency of elevated storm initiation in the study area brings up the question, How much of the nocturnal maximum in rainfall in the Midwest is the result of locally initiated storms versus those that advect from the west? While many of the elevated initiations were associated with synoptic or mesoscale convergence features observed in the RUC analysis there is no known method for anticipating the specific time of initiation. Improved basic understanding of elevated storm initiation will require fundamental research. However, means for directly observing detailed midlevel wind and stability parameters are not yet possible.



Viewing dry and moist boundary layers – daytime to night

Presenter
Presentation Notes
Many times organized convection forms along fronts or convergence zones that may be identified by a broad transition between moist and dried air.  Recall that the 10.7 micron IR window is contaminated by moisture, and thus absorption and reemission by moisture that overlies the surface.  In a day time convective atmosphere there is a concentration of low level moisture within the boundary layer (which is cooling with height and is cooler than the radiating earth’s surface).  In this example the absorption of upwelling radiation by the cooler and more moist air to the east gives rise to cooler brightness temperatures (lighter grey shade), while the relatively warmer appearing drier air to the west appears darker.  In fact, the difference in moisture between the two regimes will likely lead to hotter surface temperatures in the drier region due to the lack of moisture causing less absorption of incoming solar radiation in the visible to near infrared portion of the spectrum.At night, dry clear skies radiate freely to space and become cooler than the moist air to the east, thus the transition to being warmer in the day, but cooler at night.  When nighttime comes, notice how the moist air moves back to the West.  Why?  There are two reasons: 1) there is a trough approaching from the West (notice the increase in high cloudiness and southwesterly cirrus flow to the northwest, thus we know there is a trough coming into the region – the result should be falling pressure over the western region which will help cause a flow in that direction; and, 2) at night over the cold ground a low level inversion will form allowing the moist air a “friction free” surface to move across (during the daytime, because it is so hot over the dry region there will be the development of a deep adiabatic layer and strong vertical mixing that will impede westward movement of the moist air (unless there is an extremely strong system with intense pressure falls).



Detection of Temperature Inversions Possible with Hyperspectral IR

Detection of inversions is critical for severe weather 
forecasting.  Combined with improved low-level moisture 

depiction, key ingredients for night-time severe storm 
development can be monitored.

Spikes down -
cooling with height

Spikes up -
warming with height

Texas

Ontario

B
rig

ht
ne

ss
 T

em
pe

ra
tu

re
 (K

)

(low-level inversion)

(No inversion)

Wavenumber (cm-1)

Presenter
Presentation Notes
Recall from lecture B. By looking at high spectral resolution in the 10-12 micron portion of the spectrum we should be able to follow the development of nighttime inversions (as well as daytime destabilization) from geostationary altitudes.  As shown on the next slide this ability to detect low level inversions has been demonstrated using data from AIRS.



Storm cloud top 
structure as a 

proxy for severe 
weather and 

heavy rainfall

Presenter
Presentation Notes
So there are obvious differences across cloud top, with some striking overshooting regions.  What do they mean?  First what we see in the slide.  Upper left, two pictures from an aircraft of an overshooting top (note its change in a few minutes).  Upper right two images, visible and IR of storm top, lower right, Skew-T diagram showing positive area of sounding.  Lower left, great three dimensional perspective of strong thunderstorm showing two cloud towers extending up to the overshooting top; also shown are other towers that have no reflection at the visible anvil top. Center region, vertical radar scans and associated visible and infrared image of storm.First the sounding, the positive area reflects the amount of energy possibly available to drive the updraft through the release of latent heat: if all energy were realized the storm updraft would have its maximum velocity at around 220 mb (the cross over point where the updraft air and environmental air are the same temperature).  It is here where the updraft air begins to decelerate and overshoot the anvil top – that air continues to rise adiabatically until its velocity is zero, where it finds itself to be much colder than the environment, thus it sinks back to an equilibrium level.  NOTE here that as the ir overshoots, that the structure of the air above it will help determine how far it can rise vertically (ALL TROPAUSES AREN’T THE SAME).  Entrainment will make it so that the overshoot is not as intense as the maximum, but the overshoot is a reflection of how efficiently the storm is using the energy availabl to it.  But let’s look at another thing – the air rising from cloud base to its eventual overshooting level doesn’t get there instantaneously - to rise from 2 km to 10 or 12 km takes time: an average updraft speed of 10 meters per second would take over 15 minutes to reach cloud top.  Thus if a storm moves into more unstable air, the response should take between 15 to 20 minutes or so.  Furthermore, the boundary layer into which a storm moves and whit which it interacts is not uniform, thus when we view an overshooting top it is continually changing character and dumping different debris into the stratosphere – that debris’ temperature depends on the tropopause structure and amount of overshooting at cloud top.  Some anvils are seen to have cold and persistent overshooting with long plumes of cirrus streaming downwind from the overshoot and above the anvil..  The more intense and less diluted updrafts (less entrainment) should have smaller particle sizes which would show up in a multi-channel visible to near IR product.SO, signatures likely exist in infrared imagery, but they will be different depending on the structure of the tropopause (or over lying air) into which the overshooting top is forced.  Second, one of the best signatures for an intense storm is its longevity.  A long downstream plume from an overshooting top area means the mechanism to produce it has been in existence for some time, thus a long lived storm.  Thus, when looking for intense convection, look for areas of persistent overshooting and persistent above anvil structure.  The overshoot is representative of the storms strength; be careful with signatures until we have continuous multi-spectral imagery and a better idea of tropopause characteristics.



Comparison of cloud top for Jarrel, Texas, tornadic storm with 
GOES on left and AVHRR on right.  

Presenter
Presentation Notes
Comparison of cloud top for Jarrel, Texas, tornadic storm with GOES on left and AVHRR on right.  The resolution of the visible channel on the two satellites is comparable, while the advantage of AVHRR’s 1x1 km resolution versus GOES 4x4 km resolution is obvious.  The cloud top temperature of the overshooting top area of a storm is a reflection of the strength of the storm’s updraft which in many cases (most) reflects its severity.



Different characteristics of 
anvils and overshooting tops 
are revealed by using different 
channels.  Shown here are 
AVHRR visible (upper left), 
3.7 microns (upper right with 
special enhancement across 
anvil top) and 10.7 micron IR

Presenter
Presentation Notes
Different characteristics of anvils and overshooting tops are revealed by using different channels.  Shown here are AVHRR visible (upper left), 3.7 micron IR (upper right with special enhancement across anvil top) and 10.7 micron IR.  This storm produced an intense tornado at Plainfield, Illinois.  Strong overshooting tops are seen in the major storm’s anvil at A and B in the 10.7 micron IR data. Two other very strong storms are seen in the image.  Notice the difference in brightness across the anvils in the 3.7 micron imagery (reflection as well as temperature) – this is likely due to differences in ice sizes over the anvil and may well give clues to storm severity (perhaps updraft characteristics since undiluted ascent would likely have less turbulence and mixing and thus smaller particles (a more intense updraft??)).  Research with MODIS and METEOSAT 8 should shed light on this.  BUT, be careful going blindly looking for “signatures” at cloud top.  A storms top characteristic is dependent on both the storm’s updraft character and strength as well as the structure of the tropopause into which it peretrates.
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Presentation Notes
See text with slide.



Rainfall
• Infrared techniques

Precipitation rates are 
primarily estimated from 
cloud top temperature. 
Numerous other factors, 
including the cloud-top 
geometry, the available 
atmospheric moisture, 
stability parameters, 
radar, and local 
topography, are used to 
further adjust the rain rate. 

• Microwave techniques 
Precipitation rates are 
primarily based on 
microwave scattering by 
cloud ice and absorption 
and emission by cloud 
water.

• Blended techniques 
generally use information 
from microwave sensors 
as a baseline to help 
calibrate rainfall 
estimations from infrared 
sensors.



Presenter
Presentation Notes
Table from the COMET tutorial on microwave data uses (see Virtual Resource Library) showing microwave channel combinations for Precipitation and Cloud Water and Ice, and for Meteorological applications.  Shown above on the right are ran rate from microwave (lower right) versus three periods from geostationary satellite infrared, while on the left in animation is an enhanced infrared movie of hurricane Mitch.This is a movie over several days showing the hurricane Mitch’s movement.  The storm was extremely intense and its track was poorly forecast.  Hurricane Mitch stalled and then slowly drifted south.  There were intense and devastating rains with Mitch; however, the most intense rainfall occurred because Mitch’s persistent low pressure center caused low level winds over the Pacific to flow strongly from the west where they were forced aloft by steep and mountainous terrain causing very heavy local rainfall.While Mitch caused heavy rains over Honduras, the heaviest rainfall occurred over Nicaragua where there westerly flow encountered mountainous terrain.  Heavy rainfall also occurred over El Salvador in mountainous terrain.



Sometimes a simple average of sequential 
geostationary infrared images over a few 
hours will reveal areas of heavy persistent 

rainfall
In this example 
heavy 
convective 
rainfall occurred  
over Illinois 
(green) where 
half hourly 
infrared images 
over a two hour 
period ending at 
1445 GMT were 
averaged.



Near real time 
rainfall and rain 
rate products are 
available from 
the Web Based 

Products link on 
the VRL



There is also a link 
on the VRL to the 

International 
Precipitation 

Working Group 
(IPWG) for 

products, algorithms, 
tutorials and more!
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