MEETING SUMMARIES
PREDICTING HURRICANE
LANDFALL PRECIPITATION
Optimistic and Pessimistic Views from the
Symposium on Precipitation Extremes
BY RUSSELL L. ELSBERRY

If the USWRP goal for 72-h quantitative precipitation forecasts in hurricanes is going to be
achieved, it will require coordinated efforts by observationalists, modelers, and forecasters.

O

ne goal of the U.S. Weather Research Program
(USWRP; Elsberry and Marks 1999) is to demonstrate the feasibility of numerical guidance
that would allow 72-h quantitative precipitation forecasts (QPF) for hurricanes, thereby improving day 3
forecasts for inland flooding. This goal raises serious
questions about the predictability limit for tropical cyclone precipitation over the ocean, during landfall,
and inland. The goal was thus a motivation for devoting a session of the Symposium on Precipitation Extremes to hurricane landfall precipitation.
If the goal is a deterministic QPF over a small area,
such as a watershed for a narrow valley, then some
people are rather pessimistic about success. The National Oceanic and Atmospheric Administration
(NOAA) National Weather Service Offices and River
Forecast Centers issue warnings for flash floods in
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areas as small as 10-20 mile2, or river floods in areas
of 1000 mile2. Clearly, rainfall has to be resolved on
less than 1-mile scales for flash floods, and perhaps
5-mile scales for river floods. Furthermore, the record
rainfall rates of tropical cyclones are well known.
Given this threat of flooding, what QPF guidance can
be offered now, and what is necessary to improve that
guidance? The USWRP's focus on hurricane landfall
precipitation has already increased research into this
topic. In addition to six invited papers and a wrapup panel with four invited presenters, 32 posters were
accepted for presentation. By contrast, as recently as
the 23d Conference on Hurricanes and Tropical Meteorology in 1999, only three papers were presented
on this topic. This meeting summary will be a status
report on the field, and will address the future requirements that were discussed at the panel session.
LANDFALL PRECIPITATION CHARACTERISTICS. A description of some of the precipitation characteristics that must be observed, analyzed,
and forecast will help summarize the difficulty of
hurricane QPF. Hurricane Research Division aircraft
studies were summarized by F. Marks. The eyewall
has the greatest variability in updrafts, and high radar reflectivity cores cover only 10% of the rain area,
with core areas averaging only 50 km 2 . Radar
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reflectivity cores tend to persist on the order of
10 min, so the heaviest precipitation is confined and
brief. However, advection of the rain cells tends to
create less discrete precipitation patterns over time.
Instruments such as radar and high-resolution (1 km)
particle probes give aircraft measurements much
higher resolution than those from satellites, making
averaging over space and time necessary for meaningful comparison. Marks finds that instantaneous rainrate estimates from the Tropical Rainfall Measuring
Mission (TRMM) Microwave Imager are > 20 mm h"1
only within 75 km of tropical cyclone centers; then
they decrease rapidly in radius to a relatively flat profile. Given these azimuthally averaged satellite rain
rates (and an excellent track), a first-order estimate
of the rain accumulation may be provided at points
along the track.
A more pessimistic view was evident in some of the
other presentations. G. Barnes showed that in Tropical Storm Frances, six distinct regions had 24-h rain
totals exceeding 14 in. These regions were not related
to the track in any straightforward way. Ward described distinct diurnal variations of rain from Tropical Storm Charley in Texas. The radar reflectivity of
this storm as it moved inland had space and time
variations typical of a tropical mesoscale convective
system (MCS). Corosiero and colleagues attempted
to infer the total rainfall distribution of Charley from
the lightning. Whereas lightning flashes in the outer
rainbands corresponded well with the heaviest precipitation east and northeast of the center, only two
of the several precipitation maxima in the core were
electrically active.
K. Blackwell and S. Kimball illustrated two very
different distributions of maximum rainfall relative to
the storm tracks during landfall. Hurricane Georges
(1998) had radar-estimated precipitation exceeding
15 in. (381 mm) to the right of the track, as expected
from many over-ocean cases. However, the maximum
precipitation in Hurricane Danny (1997) was to the
left of the landfall point; little precipitation fell to the
right. This maximum exceeded 43 in. (1092 mm) according to radar estimates—a gauge measured
36.71 in. (932 mm) as the storm slowly came ashore.
R. MacCracken and W. Thiaw described synoptic circulation changes associated with similar extreme
tropical cyclone rainfalls that contributed to flooding
in Mozambique during February-March 2000.
M. Shuman and colleagues analyzed heavy precipitation from tropical cyclone remnants in the eastern
United States during 1989-97 and related these to
upslope flow. Konrad studied 48-h precipitation exceeding 1 in. over the eastern United States during
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1950-96 on 10 spatial intervals from 2500 to
500 000 km2. Hurricane Opal (1995) produced the
heaviest rainfall in six of the seven largest intervals.
Opal was exceptionally large and interaction with a
downstream midlatitude trough produced a moisture
inflow that enhanced the rainfall. Slow forward movement contributed to heavy precipitation (just as it did
for Tropical Storm Alberto in 1994). No relationships
were identified between precipitation amounts and
intensity or size of the system.
E X T R A T R O P I C A L TRANSITION. P. Harr and
R. Elsberry and four others highlighted a new research
area on extratropical transition of poleward-moving
tropical cyclones throughout the globe. During the
transformation stage, the precipitation distribution
progressively changes from that of a mature tropical
cyclone to a much more asymmetric configuration
(maximum generally to the west). As the tropical cyclone remnants reintensify into a baroclinic extratropical cyclone, the precipitation shield expands. Thus,
even an offshore system would drop considerable precipitation on the East Coast. Richards and colleagues
demonstrated that the extratropical transition of
Tropical Storm Harvey (1999) was comparable to a
l:100-yr precipitation event in Nova Scotia and New
Brunswick, Canada.
L. Bosart and colleagues distinguished extratropical transitions that interacted significantly with
midlatitude troughs and those that progressed
poleward into a benign environment. Hurricane
Floyd (1999) interacted with a midlatitude trough
(potential vorticity anomaly) and subsequently developed a deep, secondary vertical circulation. This circulation concentrated in the jet entrance region with
ascent above a strong, deep baroclinic region associated with the coastal front. Bosart et al. suggested that
the amount of reintensification is correlated with the
low-level warm advection poleward of the storm, the
vertical coupling to the equatorward entrance region
of a downstream jet streak, and how these processes
feed back to release baroclinic energy.
K. Kong's analysis of the evolution of the coastal
front ahead of Hurricane Floyd showed that most of
the highest radar reflectivity, and thus precipitation,
was just west of the coastal front. Atallah explored
how interaction with the midlatitude circulation
modulates the precipitation distribution in these cyclones. Warm advection in the lower troposphere and
in the hurricane outflow aloft interacts with the
midlatitude trough, which enhances the potential
vorticity gradients at both levels. The jet streak intensifies and coupling with the tropical cyclone remnants

Unauthenticated | Downloaded 01/09/23 02:36 PM UTC

increases. Prolonged heavy precipitation north and
west of the remnants may ensue.
FLOODING. Inland flooding has become the predominant cause of deaths associated with hurricanes
in the United States. Because of the absence of coastal
mountains, most attention is on regional floods rather
than flash floods. G. Austin described Hurricane
Floyd (1999) as prototypical: many locations in North
Carolina exceeded the 100-yr flood levels. Antedecent
conditions played a significant role in this case as
Tropical Storm Dennis had slowly moved over eastern North Carolina shortly before Hurricane Floyd
approached. The combined precipitation was 24 in.
over the Piedmont region. Although these cyclones
broke an extended drought, they caused considerable
damage. Dams were overtopped or washed out, highways and bridges were flooded, transportation was
disrupted, communications were severed, entire
towns were inundated, and utilities and energy distribution systems were interrupted. The inundation
degraded water quality and damaged fisheries as millions of tons of nutrients, pesticides, and sediments
washed into rivers, bays, and the ocean.
Whereas emergency managers would like a precise forecast of flood elevation, this is not possible.
First, the precipitation distribution and amounts in
the river basin must be known to considerable accuracy. Such a specification is especially difficult if a significant fraction of the precipitation is produced on
mesoscale or cumulonimbus scales. If the propagation
of these systems opposes the larger-scale advection,
the systems may become quasi-stationary and result
in extreme, concentrated rainfall that runs off quickly.
In addition, antecedent water levels and soil conditions must be specified, and complicating factors such
as upstream dam failures, landslides, and debris flows
may not be known. Second, present hydrographical
models cannot forecast the impact of a river that overflows its banks and spreads. An ensemble approach
would provide a probability distribution of the flood
elevations, but many people do not understand how
to use such probabilities.
J. Lushine has examined flooding in south Florida
from 1900 to 1999 and defined five categories of flooding by rainfall amounts, flooding effects, and flooding durations. The categories are provided as forecaster guidance whenever a tropical cyclone approaches
south Florida. The categories may help emergency
managers and the public understand the flood threat.
The almost 60 deaths associated with Hurricane
Floyd were the most for a U.S. hurricane in some time.
R. Pielke pointed out that deaths and damages in
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Floyd were small compared to losses in Central
America from Hurricane Mitch, if scaled by respective gross domestic products. Systematic collection of
tropical cyclone damages are needed to find out if
such losses may be expected to grow. Pielke has considered the growing population in coastal states, increasing wealth, and inflation factors to estimate such
trends. Even if a global climate change does not increase the frequency of tropical cyclones, the combined increases in risk from these factors guarantee a
probably enormous increase in landfall damage.
Better information is needed to assess the vulnerability of the United States to hurricane landfall precipitation. For instance, Pielke examined Presidential
Disaster Declarations caused by flooding and hurricanes. Many inland flooding disasters were delayed
consequences of hurricanes. Proper attribution would
double the number of hurricane-associated declarations, and frequency of the combined distribution of
disasters would correlate well with seasonal tropical
cyclone distribution.
O B S E R V A T I O N S FOR R A I N F A L L ESTIMATES. C. Guard and colleagues consider rain
gauge accuracy to be critical to the tropical cyclone
quantitative precipitation estimation (QPE) problem.
First, the radar reflectivity-rain rate (Z-R) relationship is based on a calibration with rain gauges. Second,
the satellite radiances or brightness temperatures are
also calibrated with these gauges and radar-rain rate
estimates. Guard et al. then consider the error sources
in tropical cyclone conditions: evaporation, splash,
intermittent gauge halt, turbulence and aspiration,
reading error, overflow, and wind damage. All except
for reading errors likely lead to underestimates of
rainfall. The largest error source is likely to be turbulence and aspiration in the high winds (and largest
rain rates) under the eyewall. If this causes a 10% loss
per 5 m s 4 increase in wind speed, and other error
sources also contribute, a 50% underestimate of the
rain rate under the eyewall may occur. Such a large
error during the highest rain rates could lead to a serious calibration error in the Z-R relationship and
thus to underestimates in rain rates derived from radar.
Despite the spatial coverage advantage of using a
well-calibrated radar, averaging the large rain-rate
gradients across the radar range would lead to an
underestimate of the largest rain rates. Due to the curvature of the earth, the radar beam beyond 150 km
from the radar is often above the region where rain
rates are representative of conditions at the ground.
F. Marks noted the relative accuracy of recent rain
estimates using the Weather Surveillance Radar-1988
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Doppler (WSR-88D) in Hurricane Danny and Hurricane Irene (1999). He noted that recent gaugeradar comparisons are improved for rain rates less
than 5 mm h-1, which is encouraging considering the
short lifetimes of the rain cells and their rapid translation in a tropical cyclone environment, and that the
radar is sampling a volume and the gauge is a point
measurement.
A. Cope evaluated the two Z-R relationships available on the WSR-88D as remnants of Hurricane
Floyd passed over the New Jersey area. The "tropical" Z-R relation performed better overall than the
default Z-R relation through the 12 h of heavy rain
prior to passage, except for some overestimation.
Significant differences between rainfall totals from
two adjacent WSR-88D radars were attributed to differences in distances to the rain, and consequently
different radar beam elevations, and perhaps some
calibration differences. This study and reports of
other rain gauge-WSR 88D comparisons (e.g., by
C. Guard) indicate that more research is needed on
this topic.
Considering rain gauge measurements are limited
to land, and the range of radar rain estimates is perhaps 150 km, satellite measurements provide the only
rain estimates in many areas [see Barrett (1999) for
more on satellite techniques]. R. Schofield and colleagues summarized satellite-based capabilities for
hurricane prediction. The National Environmental
Satellite, Data, and Information Service (NESDIS)
has modified the Geostationary Operational Environmental Satellite (GOES) hurricane landfall rain potential technique by substituting microwave rain estimates. This algorithm uses satellite-based
microwave rain rates to produce an areal extent of
rain and average rain along the direction of motion,
which is determined from GOES fixes over 3-6 h.
Kidder and colleagues proposed to improve this
manual technique by automating it, using official
track forecasts instead of extrapolations from GOES
fixes, and creating graphical products of accumulated
precipitation.
Use of multiple types of instruments seems to be
best for QPE. R. Kuligowski and M. Ba propose to
improve GOES-based rainfall estimates over land by
calibrating the brightness temperature-rain rate relationship with real-time radar and rain gauge data.
Their algorithm also includes a rain-no rain separation that compares available predictor fields [auto
estimator and GOES Multi-Spectral Rainfall Algorithm (GMSRA)] with the IR brightness temperatures, split-channel differences, and other derived
quantities.
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J. Turk and colleagues compared the Naval Research Lab (NRL) blended geostationary (GOES)
microwave [Special Sensor Microwave Imager
(SSM/I)] with the auto estimator and the GSMRA
using hourly digital precipitation estimates from
nearly 100 WSR-88D radars. Although their summer
test case was not a hurricane, many of their results
probably would be applicable. Whereas the auto estimator tended to overestimate the rain associated
with high, cold cirrus, the GMSRA and NRL techniques tended to underestimate the heavy rain pixels
that are characteristic of rapidly developing convective systems. The NRL technique separated rain and
no-rain regions better because of the microwave data.
Scofield and colleagues also described work with
L. Bosart on QPE for landfalls in which precipitation
becomes characteristic of an MCS (such as Hurricane
Charlie, described earlier). GOES satellite techniques
have limited ability to estimate warm-top stratiform
rain. Emission-derived rain estimates are the most
accurate, but these are presently only available over
water. The 150-GHz data from Advanced Microwave
Sounding Unit (AMSU) B is expected to improve the
warm-top stratiform rain estimates.
In summary, there is cause for both optimism and
pessimism about satellite-derived hurricane QPE.
Multiple instruments have become available, but each
has disadvantages as well as advantages. Because the
satellite estimates are on different spatial and temporal scales than aircraft and land-based measurements,
it is difficult to calibrate them. Combinations of the
various techniques seem to minimize disadvantages
and improve the calibrations.
S T A T I S T I C A L A N D EMPIRICAL PREDICT I O N S . F. Marks has developed a climatological
technique that can be a skill measure for other precipitation prediction techniques. A probability of precipitation might be derived by combining radial distribution information with an ensemble of tracks.
R. Pfost checked empirical rain prediction techniques
for the northern Gulf of Mexico coast and for the
Florida peninsula with a database of maximum rainfalls as a function of storm track orientation and shortest distance from the center. Pfost recommended a
combination of all methods as the best approach to
forecasting the maximum rainfall.
Each of the satellite-based techniques for hurricane
QPE is essentially a nowcast, although it is not clear
how many hours into the future such estimates may
be extrapolated. Averaging these estimates in space
and time is required. The accumulation of these satellite (and radar) estimates in time forces the river
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streamflow model. Fortunately, regional (versus flash)
floods take a day or more to develop, so warnings of
12 h or more are usually possible.
N U M E R I C A L W E A T H E R P R E D I C T I O N AP-

PROACHES. In general, authors were more optimistic about numerical models. F. Marks believed the
dynamic constraints, the mixing of hydrometeors
around the vortex, and the recent advances in rainfall observing systems will make prediction possible.
W. Frank concluded, "Numerical models, augmented
by assimilated data, offer real hope for improved forecasts of the amount and distribution of rainfall in
landfalling tropical cyclones." Frank was optimistic
about predicting totals because the moisture source—
evaporation from the ocean—is fairly well known,
except perhaps in the small area of highest winds.
While acknowledging that predicting rain distribution is more difficult, Frank believed that new understanding of dynamics and convective asymmetries
would lead to better predictions if observations could
be properly included in models. G. Tripoli cited similar reasons for optimism and specifically included
landfall situations as well as ocean cases, because land
surface effects can be predicted by the model. Tripoli
had caveats based on microphysical uncertainties and
track prediction accuracy. Tripoli's optimism applied
more to research because no U.S. operational forecast
center has the computer resources for the necessary
cloud-resolving model resolution and physics.
Mountainous terrain close to the coast—such as
the Central Mountain Range in Taiwan—contributes
to some extreme rainfall amounts. P.-Y. Wang simulated a 269-mm maximum precipitation in 36 h associated with Typhoon Herb in Taiwan with orography included but only 40 mm without it. The maximum
(gauge) rain amount was 1997 mm, but this was a point
value rather than an average over a 10-km grid box.
C.-C. Wu and colleagues also simulated the precipitation associated with Typhoon Herb with various model
horizontal resolutions. As expected, the smaller the grid
interval, the larger the predicted precipitation. With
2.2-km resolution, the maximum 24-h amount was 1046
mm; with 6.7-km resolution it was 649 mm. Since the
maximum rain was simulated to occur just west of the
mountain peaks, an accurate forecast of the upslope
flow was needed, which meant an accurate track and
wind structure. Wu et al. also documented a strong
sensitivity to the microphysical representation in the
model.
S. Kimball and K. Blackwell attempted to simulate
the landfall of Hurricane Danny, which had an
anomalous precipitation maximum to the left of the
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track. Simulations with a 9-km grid did not capture
crucial topographic features, and the initial bogus was
too large and weak. Thus, finer horizontal resolution
and better initial conditions are required. L. White
and colleagues focused on the sensitivity of simulations of Hurricane Bert to air-sea interaction since
this storm may have been affected by a warm ocean
anomaly. R. Abbey and colleagues also suggested that
the sea surface temperature anomalies significantly
affect tropical cyclogenesis and intensity, and thus
precipitation. They used a high-resolution model and
concluded that the skill level of QPF at landfall was
"encouragingly high."
M. DeMaria and R. Tuleya have evaluated the 6-h
precipitation forecasts by the Geophysical Fluid Dynamics Lab (GFDL) hurricane model during 199596. Gridded storm total rainfalls were compared with
gauge values and had a lot of scatter. The forecasts had
a positive bias (overestimate). The model gives some
useful guidance about the storm maximum and areaaveraged precipitation, but the geographical distribution may not be accurate.
A crucial caveat in the optimism about hurricane
QPF is assimilation accuracy. As G. Barnes emphasized, a large range of circulation scales must be defined in the initial conditions to get the track and the
precipitation distribution correct. Given the importance of the surface fluxes of moisture, heat, and momentum in the hurricane boundary layer, these initial variables and upper-ocean thermal structure must
also be specified.
G. Panegrossi and colleagues are using the TRMM
Microwave Imager and precipitation radar to improve
their simulations of precipitation in Hurricane Bonnie
(1998). The key issues concern the model's representation of the sizes and densities of the hydrometeors,
which then feed back to the dynamics, the mass of rain
at lower levels, and thus to the surface rain rate.
Detailed comparisons of the model-predicted precipitation structure to that inferred from the TRMM
overpasses seem to require two or more categories of
graupel to distinguish between the formation processes in the convective and stratiform regions. Future
research will use in situ observations gathered during the National Aeronautics and Space Administration (NASA) Convection and Mesoscale Experiment
(CAMEX) to examine these microphysics differences.
M. Tewari and colleagues simulated the precipitation in the Orissa supercyclone (1999) using precipitable water (PW) observations from TRMM and
SSM/I. Humidity fields were scaled by the ratio of the
observed PW to the model PW and nudged into the
model fields over the 24-h prior to the initial time.
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This significantly increased the precipitation relative
to a control run without these fields, and the track was
also predicted better.
E. Ebert used a "poor man's ensemble" to forecast
heavy rain. She collected the predicted fields from
seven global and regional models and calculated an
ensemble mean. With certain adjustments, the ensemble mean precipitation fields verified better than
any of the individual model predictions.
Playing the devil's advocate to stimulate discussion,
this author presented pessimism about deterministic
precipitation prediction. Many of the reasons have
been noted above and are contained in the caveats to
these optimistic views. First, are observations sufficient for providing initial conditions for highresolution models? Second, can the precipitation and
other meteorological variables be assimilated correctly?
Given the exponential radial variation of rain outside
the eyewall, will track prediction be accurate enough
to specify the distribution, duration, and total amount
over a small region (a watershed or city)? From the
pessimistic view, some space and time averaging will
be necessary, or multiple model predictions or an
ensemble approach to provide probabilistic precipitation description will be the best guidance available.
F U T U R E R E Q U I R E M E N T S . Starting from the
pessimistic viewpoint, the predictability time for deterministic hurricane QPF must be resolved, given
that individual convective clouds have predictability
times of less than 1 h. F. Marks's optimistic view is
that the eyewall convection and rainbands will be dynamically controlled by the primary wind circulation.
However, how well are the boundary layer dynamics
and the forcing of convective clouds known for the
high winds near the center? Will the forcing from
topography degrade or improve the QPF ability? How
accurately must the horizontal distribution of the
convection be specified to be fully consistent with the
dynamical constraints in the model? Several contributors noted that asymmetric convection is critical in
QPE and QPF.
W. Frank's optimistic view is that the large-scale
evaporation—the storm's moisture supply—is fairly
well known. Given the small area into which all this
moisture converges, heavy precipitation must occur,
but will the specific area be well predicted? Why was
the extreme precipitation in Hurricane Danny on the
left side? Notice that the evaporation and other surface fluxes in the high wind areas are not well known
because of the complexity introduced by breaking
ocean waves that inject droplets into the air. The U.S.
Navy is funding a 5-yr program called Coupled
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Boundary Layer Air-Sea Transfer (CBLAST), with a
major field experiment during 2004. The objective is
to measure and better parameterize boundary layer
fluxes of moisture, heat, and m o m e n t u m in
hurricanes.
Given model guidance that heavy precipitation will
occur somewhere, can forecasters be trained to designate the specific area? Clearly, radar and lightning
data (especially in outer regions) help in nowcasting
the precipitation area. Evaluations of the model guidance accuracy are needed in a forecaster-friendly format. One suggestion was to develop statisticaldynamical tools or a neural network to give guidance.
This approach may be more successful over the ocean
than over land, especially when precipitation changes
to MCS-type characteristics that are under less dynamic control of the hurricane remnant circulation.
The interaction of the hurricane remnants with a
midlatitude trough or front adds further complexity.
As several contributors noted, the precipitation in
advance of Hurricane Floyd in conjunction with a
coastal front and warm advection contributed to
flooding. Since, in extratropical transition,
midlatitude troughs and jet streaks are moving eastward and tropical cyclones are moving poleward, the
timing of the juxtaposition of these systems is difficult to forecast. As P. Harr and R. Elsberry note, the
vertical wind shear of the midlatitude circulation affects the tropical cyclone, and the warm advection and
outflow of the tropical cyclone may modify the
midlatitude cyclogenesis. In situ observations of these
processes are needed.
Satellite data are critical for analyzing initial conditions. Scofield and colleagues stated future needs:
1) improved ground truth measurements (gauge and
radar) and validation methodology; 2) improved
physical understanding of satellite measurements in
relation to precipitation, and optimum ways to combine these measurements along with radar and rain
gauge values; and 3) appropriate forecaster displays
of instantaneous or probabilistic amounts. Higherresolution passive microwave sensors are needed to
better resolve the precipitation gradients. Techniques
to assimilate these satellite observations into numerical models need to be developed and tested. Will the
four-dimensional variational assimilation techniques
provide an incremental improvement via the incorporation of the time dependency in these datasets?
G. Barnes and G. Tripoli emphasized that the vital precipitation physics must be known better.
Barnes distinguished between the convective available potential energy (CAPE) of the external
rainbands and of the eyewall region. Corbosiero and
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colleagues have inferred this difference in convection
characteristics from lightning distributions, but
quantitative information is needed for the model initial conditions.
The microphysics of clouds impacts the radiative
transfer relationships needed for satellite estimation.
Again, in situ observations are required for calibration. As the horizontal resolution of the models has
improved enough to explicitly resolve clouds, microphysics parameterizations have become a major
source of uncertainty in the models. The field programs should be combined with numerical simulations to demonstrate that better microphysical
representation will improve QPF. Operational implementation will require providing the model with initial microphysics variables.
Radars on NOAA research aircraft provide information on the storm structure and precipitation while
the cyclone is still outside of land-based radar range.
This information needs to be incorporated in the
models. When the hurricane is within range of the
coastal WSR-88Ds, assimilation techniques are required to use the radar reflectivity and radial wind
components. From an operational perspective, additional research on the WSR-88D Z-R relationship is
needed and forecasters need to know how to properly infer rainfall in tropical cyclones at various distances from the radar.
Hydrological aspects of flooding must also be addressed. G. Austin listed a number of requirements
for improved flood warnings: 1) more accurate hurricane track forecasts; 2) improved QPEs in terms of
timing, location, and amounts; 3) more river stage
data; 4) more accurate, specific, and timely hydrologi-

cal forecasts that are easier to use, specify uncertainty,
and extend to longer intervals; and 5) better education on how to interpret and use these forecasts. Better
display of the information is needed. A useful product would display how widespread the floodwaters
will be. Better integration with flood plain management would also be helpful.
Improved meteorological and hydrological warnings will fail, however, if the public does not respond
properly to the threat. Given the importance of inland
flooding in U.S. hurricanes, R. Pielke recommends
updating flood plans. They should be dynamic because social changes must be incorporated. Decadal
variations in hurricane occurrence may also be a factor in assessing the changing vulnerability. Flooding
along highways must be specified because many
deaths occur when people drive into floodwaters.
Education of the public and the media about hurricane flooding must be pursued vigorously. Attention
must continue to focus on the threat from a hurricane
after it crosses the coast.
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THE W O R K S H O P IN
A T M O S P H E R I C PREDICTABILITY
BY R O N A L D M . ERRICO, ROLF L A N G L A N D , A N D D A V I D . P. BAUMHEFNER

Understanding atmospheric predictability is fundamental for both
weather forecasting and data assimilation.

n meteorology, the word "predictability" was given
a very special meaning by P. Thompson in 1957
(Thompson 1957). He used it to describe the consequence of atmospheric weather prediction models
being sensitive to errors in initial conditions. Since
such errors are inevitable, subsequent forecast errors
are also inevitable, and therefore the atmosphere has
limited predictability. His work was forgotten by
many, being overshadowed by the larger body of later
works by E. Lorenz. Before Thompson's work, this
idea of limited predictability due to system instability was expressed as early as 1876 by J. C. Maxwell
(Maxwell 1876). The implication of this property of
the atmospheric physical system is still poorly understood in many quarters today.
In order to review key results of recent predictability studies, a Workshop on Atmospheric Predictability was convened at the Naval Postgraduate School in
Monterey, California, on 23-25 April 2001. The meet-
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ing format consisted of roundtable discussions led by
facilitators. The workshop organizers were R. Errico,
D. Baumhefner, and R. Langland. The invited participants were J. Anderson, T. Bergot, C. Bishop,
M. Ehrendorfer, R. Gelaro, I. Gilmour, J. Hacker,
C. Leith, M. Leutbecher, M. Morgan, W. Nuss,
D. Orrell, A. Persson, T. Phulpin, C. Reynolds,
M. Shapiro, L. Smith, D. Stensrud, D. Strauss, and
S. Tracton. Financial support was provided by the
United States Office of Naval Research and the Naval
Research Laboratory.
Six fundamental aspects of atmospheric predictability were discussed. These were 1) the characteristics of initial condition error that influence predictability, 2) the rates of perturbation forecast growth for
various fields, 3) the characterization of the spatial
spectra or scales of evolving perturbations at various
times, 4) the implied limits of prediction for various
fields, 5) the mechanisms for error growth, and 6) the
effects of model error on perturbation growth. For
each aspect, five questions were asked: (i) What do we
currently know about this aspect? (ii) What are the
implications of what we currently know? (iii) What
do we still need to determine? (iv) What experiments
need to be performed to confirm or explore our hypotheses? and (v) What do we hypothesize will be
their results? In addition, we discussed how best to
use the information garnered from predictability
studies to more effectively utilize and produce ensemble forecasts, to optimize observing strategies,
including targeting, and to set meaningful NWP research goals.
SEPTEMBER 2002 B A f f t I 1 3 4 1
Unauthenticated | Downloaded 01/09/23 02:36 PM UTC

Discussion was very animated, and with the varied perspectives and experiences of the participants,
there was generally as much disagreement as agreement. There was substantial agreement, however, on
many important points, some of which are listed below. Other issues proved too controversial for us to
establish consensus in available time. Among the latter were issues about the relative roles of forecast errors
due to model formulations versus initial conditions.
G E N E R A L A G R E E M E N T S . There was general
agreement on the following statements:
1) Predictability limitations are not an artifact of numerical model, but a consequence of the
nonlinearity and instability of the dynamics of the
atmosphere coupled with our inability to know
the atmospheric state precisely at any time. Even
if we had a long enough detailed history of the atmosphere that we could find states at different
times that appeared identical within the margin
of their uncertainty, their corresponding subsequent states would still be observed to diverge,
independently of any model. In the absence of a
history, however, this atmospheric property is
inferred and quantified using realistic numerical
simulation models.
2) Estimates of predictability limits from perfect
model experiments that incorporate initial perturbations consistent with reasonable assumptions
about analysis error characteristics provide an
upper bound on the limit of skill of deterministic
forecasts. Differences between these estimates and
actual forecast error characteristics provide a
measure of the role of model error.
3) Random initial perturbations almost always grow
if the probability distribution functions from
which they are generated include spatial and dynamical correlations that are consistent with reasonable statistics of analysis error.
4) The dominant horizontal scale at which 50-kPa
height errors grow in perfect model experiments
is total (two-dimensional) wavenumber 10, approximately corresponding to zonal wavenumber
6. This is also the typical scale of evolved optimal
(singular vector) perturbations determined using
an energy norm. This dominance is eventually
observed independent of the scales that are perturbed initially.
5) Neither low-order nor intermediate (e.g., quasigeostrophic) models can be reliably used to quantitatively estimate intrinsic atmospheric predictability. Low-order models can be used, however,
1 3 4 2 | BAI1S-

to illustrate some fundamental principles pertaining to predictability. Also quasigeostrophic models can provide valuable insight into fundamental atmospheric behavior.
6) Forecast skill characteristics and, by implication,
atmospheric predictability, depend significantly
on flow regime. Some atmospheric states appear
more predictable than others.
7) When the initial conditions of a forecast model are
perturbed with structures consistent in size and
shape with initial condition uncertainty, subsequent evolution of the perturbations can be substantially nonlinear, even after only a single day's
growth. As such, the optimality or applicability of
results from tangent linear analysis, such as used
for analyzing sensitivity or determining optimally
growing structures, cannot be assured. Even in
such cases, however, tangent linear analysis can
often produce qualitatively useful results. For example, perturbations can be determined that grow
substantially or that fit verifying observations very
well although they are not demonstrably optimal
in the nonlinear context. Examples of pairs of
perturbations that quickly evolve nonlinearly
were presented, as well as examples of useful linear analysis performed for 72-h perturbation forecasts in dynamically unstable environments.
8) For characterizing intrinsic atmospheric predictability using perfect model experiments, it is necessary that a model be sufficiently like the real atmosphere. In particular, it is critical that the
model's temporal variance and power spectra be
a good match to corresponding estimates of the
atmosphere's behavior. If a model significantly
underestimates the atmosphere's variability, then
error growth rates due to initial condition error
will be significantly underestimated and overly
optimistic predictability will be inferred.
RECOMMENDATIONS. There was also general
agreement on the following recommendations:
1) New or existing techniques should be used to produce reasonable estimates of the characteristics of
analysis error, especially variances, correlation
scales, balances between fields, and typical flow and
geographic dependencies. Since we currently know
little about such errors, even reasonable quantitative bounds or qualitative characterizations
would be extremely useful. This is especially true
for designing realistic predictability experiments.
2) Error growth rates can be locally very rapid and
growing error structures are almost always
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3)

4)

5)

6)

7)

8)

nonmodal. Current initial condition error variances, although typically at most a few percent of
the spatial or temporal variance of their corresponding fields, are sufficiently large to quickly
create significant forecast errors. For these reasons, attempts to disentangle forecast errors due
to initial condition errors from those due to model
errors should be carefully interpreted.
Historically, most studies of predictability have focused on the 50-kPa-height field. It is important
that other fields also be investigated in detail (e.g.,
precipitation and surface temperature fields).
Examination of error measures other than variances are also required (e.g., error partitioning in
terms of phase and amplitude, or statistics that are
more appropriate for spatially or temporally intermittent phenomena or extreme events). The
theory of some of these measures requires further
development and description.
The concept of predictability limits is fundamental to the success of weather forecasting. The setting of reasonable goals for improvement of forecast-skill scores, especially those to be achieved by
improving data assimilation, therefore requires
good characterization of atmospheric predictability. Well-designed predictability studies not only
will reveal what is reasonably feasible, but also indicate what is required to achieve such forecast
skill improvement.
Investigations are required to characterize and explain intraseasonal and interannual differences in
predictability as well as to characterize effects of the
Tropics or subtropics on midlatitude predictability.
While very small ensembles may be reasonably assumed to produce adequate estimates of mean
quantities, it is less likely that variances or correlations are adequately estimated, and more certain
that actual probability density functions, beyond
their first- and second-order statistics, are
unreliably estimated. The reliability of all statistics should therefore be carefully estimated. The
use of such ensembles to estimate the probability
of extreme events should also be investigated.
For quantitatively characterizing atmospheric predictability based on perfect model experiments, the
model should always first be adequately verified.
In particular, its variances at various timescales
should be compared with atmospheric estimates.
The applicability of linearized models for describing perturbation evolution in models, such as for
the determination of sensitivities or optimal perturbations, should be assessed on a case-by-case
basis until enough experience exists that a priori
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estimates of reliability can be made. A variety of
measures should be used, including both statistical
analysis and visual inspection of perturbation fields.
SUMMARY. Greater knowledge of characteristics of
atmospheric predictability is critical for setting reasonable goals regarding increasing forecast accuracy.
Knowing and understanding atmospheric predictability are also indispensable for determining how best
to achieve such goals. Results from predictability investigations can be used to estimate or bound forecast skill improvements of new observing systems.
They can also be used to make inferences about the
size and nature of model error and to help properly
assess data assimilation techniques. Predictability
studies are fairly straightforward to conduct and, in the
process important, but sometimes novel, diagnostics
get applied to model results. They therefore should contribute to the general assessment of a model's behavior.
Unfortunately, there is a lack of resources for conducting these fundamental studies. The profound
implications and characteristics of atmospheric predictability will remain misunderstood or ignored, although introduced into the field almost 50 years ago,
unless research on this topic remains stimulated. In
particular, unrealistic goals will be established and
resources subsequently wasted unless an adequate
foundation of predictability studies is funded and receives adequate attention.
No specific plans were made for a future meeting.
However, planning is now under way for an international program called THe Observing System Research and Predictability Experiment (THORPEX),
which may be of interest. THORPEX will include
field experiments in various regions of the Northern
Hemisphere, and numerical research on predictability, targeted observing, data assimilation, and
related topics. Additional information may be obtained online (www.nrlmry.navy.mil/langland/
THORPEX__document/THORPEX„plan.pdf).
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Forty-one years ago, the AMS published the Glossary
of Meteorology. Containing 7900 terms, more than
10,000 copies have been sold over four decades
through five printings. It is a tribute to the editors of
the first edition that it has withstood the test of time
and continued to be among the leading reference
sources in meteorology and related sciences.
Now, over five years in the making, the second edition
is available. The volume contains over 12,000 terms,
including those from "new" disciplines, such as
satellite meteorology and numerical weather
prediction. In addition, related oceanographic and
hydrologic terms are defined.
The Glossary of Meteorology, Second Edition, was
produced by an editorial board comprised of 41
distinguished scientists and the participation of over
300 contributors. The CD-ROM version is compatible
with Windows, Macintosh, and most UNIX platforms,
and features hyperlinked cross-references.
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