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1.0 Introduction 
 
The GAPP program (GEWEX [Global Energy and Water Cycle Experiment] America 
Prediction Project) objectives are to make monthly to seasonal predictions of the 
hydrological cycle and to use these improved predictions for better water resources 
management. It is not surprising, therefore, that many GAPP principle investigators have 
concentrated on analyzing and modeling the extreme precipitation years of 1988 and 
1993. Aerially-averaged precipitation over the central United States in the spring/summer 
months of  1993 ranged from 16 to 30% above a 15-year mean, while in 1988 they were 
37 to 48% below normal (Bosilovich and Schubert, 2001). Considering the amplitude of 
the forcing that must have been present in those years, we should make progress in 
understanding factors controlling seasonal to annual variability of precipitation. 
 
2.0 Differences in synoptic patterns 
 
Mo et al. (1995) argued that the large-scale dynamical support was more important than 
the low-level moisture for sustaining flooding rains.  They found that during 1993, the 
North American jet was anomalously far south during June-July and that there were 
anomalously strong transient eddies imbedded within the synoptic flow that tended to 
lock the mean flow pattern upstream of the Rocky Mountains.  The Pacific zonal wind 
maximum extended eastward with strong westerly flow over the Rockies.  This strong 
flow induced lee troughing, via conservation of potential vorticity, that persisted through 
July 1993.  They also believe the lee trough was crucial in sustaining a very strong, 
persistent, LLJ over the central plains. 
 
Subsequently, Mo et al. (1997) concluded that during summer wet episodes the northerly 
meridional winds increase and are positioned between a cylonic-anticyclonic couplet over 
the US. During summer dry episodes the northerly meridional winds decrease and are 
positioned between an anticylonic-cyclonic couplet over the US.  Flood (drought) periods 
are associated with increased (decreased) synoptic eddy activity over the western US.  
The North American jet tends to located south (north) of its climatological position 
during flood (drought) periods.  Of the many global influences on precipitation over the 
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US, they conclude that enhanced eddy activity and stronger westerly flow over the 
Rockies tends to have the greatest impact on flooding potential.  
 
Recently, Saleeby and Cotton (2003c) performed simulations using RAMS and analyzed 
the synoptic patterns in the late spring / early summer prior to the onset of the southwest 
monsoon and after its onset for the 1988 and 1993 warm seasons. A summary of their 
findings follow. 
 
500mb Streamlines  

At 500mb (see Figure 1) the averaged streamlines for 4-weeks prior to the June 24 onset 
of 1988, show the central plains and mid-west positioned under the downstream side of a 
ridge whose axis was aligned parallel to the front range of the Rocky Mountains, and 
whose center of circulation was positioned over north-central Mexico.  The circulation 
does not have a well-defined, closed center, and the anti-cyclonic flow is concentrated 
primarily on the northern side.  This positioning tends to produce offshore flow aloft over 
the Gulf of Mexico (GoM), thereby, minimizing its influence as a prolific moisture 
source to the Great Plains.   In contrast, the 1993 pre-onset average (Aug 3 onset date) 
mid-level flow field is characterized by a closed anti-cyclonic circulation centered over 
eastern Mississippi during pre-onset.  There is no strong ridging associated with the 
circulation and flow from the GoM is strongly onshore along the coast of Texas and 
Mexico.  The winds are much more zonal than in 1988 and more strongly impacted by 
the flow to the north in association with the Pacific trough. The eastward shifted Pacific 
flow and eastern positioning of the anti-cyclone tends to flatten the developing monsoon 
ridge prior to onset.   
 
After monsoon onset in 1988, the averaged anti-cyclonic center shifts northward to the 
adjacent borders of Arizona, New Mexico, and Mexico.  The circulation is still no better 
defined than in the pre-onset average, and the greatest circulation response to the nearly-
closed center is to the north.  Streamlines over the GoM reveal a reversal in the mid-level 
winds as a closed anti-cyclone develops over eastern Mississippi.  The large-scale ridge is 
less prominent after onset and southerly flow from the GoM becomes a dominant factor 
in advection of moist air over the central plains.  The Pacific trough shifts slightly 
eastward and produces a more westerly flow over the northern US, resulting in 
diminished ridging over the northern states.  Along the west coast of Mexico, average 
easterly winds replace the southerly flow present before onset.  This combination of 
features results in a monsoon season characterized by strong moisture transport from the 
GoM and relatively weak influence from the Gulf of California (GoC).  After the 1993 
onset, the center of anti-cyclonic circulation shifts slightly from east to west Louisiana, 
the Pacific trough axis also shifts slightly west, and the monsoon ridge expands its 
northward influence.  This slight ridge expansion is enough is influence the upper-level 
convergence over the mid-west and central plains and alter the precipitation pattern via 
an induced subsidence pattern over these regions (Saleeby and Cotton 2003a).  The 
westward shift also provides a moderately increased southerly flow over northwest 
Mexico and the GoC so as to increase the likelihood and magnitude of GoC surges. 
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Low-level Mixing Ratio  
 
The average low-level mixing ratio fields for both seasons reveal the response of the 
moisture field to the mid-level flow (Figure 2).  There is little moisture over the central 
plains during 1988 pre-onset compared to 1993.  Mixing ratio values over Kansas are 
averaged at 8g/kg in 1988 and 14g/kg in 1993.  Similar magnitude differences are 
apparent across the domain in regions where the GoM typically provides ample moisture.  
Along the west-central coastline of Mexico, mixing ratios near the surface in 1988 reach 
only 6g/kg, while in 1993 they are up to 14g/kg 
  
During the transition to the post-onset period, the 1988 season undergoes dramatic and 
opposite changes in the low-level mixing ratio field compared to 1993.  The mixing ratio 
over both Kansas and the west-central coast of Mexico increase dramatically to 14g/kg.  
The 1993 season averages reveal no increase in the maximum over Kansas, while the 
west-central Mexican coast increases to 18g/kg.  The entire central plains and mid-west 
region of the US experience rising mixing ratios after onset in 1988, while values in 1993 
over the southern plains are reduced on average by 2-3g/kg, and the region of greatest 
moisture shifts eastward to eastern Louisiana.  These changes correspond to changes in 
the mid-level flow over the GoM and Great Plains.  As a result of stronger flow from the 
GoM and higher mixing ratios over the plains during 1988 post-onset, compared to 1993, 
the monsoon moisture boundary along the western plains is noticeably stronger in 1988.  
As such, accumulated precipitation amounts along the southern extent of the boundary 
are greater than in 1993 in both the observations and model analyses. 
  
It should also be noted that examination of the simulated results reveals that the 1988 
season experiences only one major GoC surge within five weeks following onset, while 
in 1993, four surge events occur within the same time period after onset into the US.  The 
1988 season was largely dominated by moisture surges from the GoM and from moisture 
transport along the eastern slopes of the Sierra Madres, whereas the 1993 season was 
very much dominated by flow along the west coast of Mexico and from the GoC. 
 
 Low-level winds 
  
The averaged low-levels wind fields during both pre- and post-onset periods of 1988 and 
1993 reveal strong southerly flow from the GoM, strong northwesterly flow along the 
Pacific coast, and general westerly flow across the desert southwest of the U.S. (Figure 
3).  Though these main features are quite similar, the subtle velocity differences account 
for the significant differences in the low-level moisture fields.  During pre-onset in 1988 
the low-level flow over the desert southwest has more of a southerly component 
compared to the westerly flow from the Pacific in 1993.  Winds over the GoC in 1988 are 
strongly northwesterly up to 14knts, while the average pre-onset winds in 1993 are 
westerly and less than 6knts.  The flow from the GoM over the central plains is 
considerably weaker in 1988 with maximum average winds up to 15knts, while the 1993 
winds peak at greater than 24knts over central Texas and Oklahoma; this supports the 
relative lack of moisture over the central plains in 1988 compared to 1993. 
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During the post-onset period in both years there are two distinct changes that occur that 
influence the post-onset precipitation pattern.  In 1988 the flow over the GoC shifts from 
northwesterly to westerly and weakens to less than 6knts.  The winds do not develop an 
average southerly component that is usually present following the transition to 
monsoonal flow.  In 1993 the GoC winds near the surface become southerly with a 
maximum in the northernmost part of the gulf.  Flow from the GoM in 1988 does not 
experience a speed increase over the central plains after onset, but the strongest flow 
region extends southward from central Texas to the GoM, thus, the flow near the Texas 
coast transports more moisture directly from the gulf onto the plains via the LLJ.  In 
1993, there is a decrease in the speed of the LLJ by 4-5knts from central Texas through 
Kansas.  The low-level flow responds to the mid-level flow following the average 
westward shift in the 1993 anti-cyclone; the GoC winds increase in their southerly 
component and the GoM winds and plains LLJ decreases in its moisture transport. 
 
Accumulated Precipitation   
  
As can be seen from Figure 4, soil moisture was considerably wetter in the spring of 1993 
than in 1988.  This affected sensible to latent heat rates as well as thermally driven 
circulations such as the LLJ.  Observed and modeled precipitation accumulated during 
the 21-day pre-onset period of 1988 reveals an unseasonably dry period over most of the 
central and western U.S. with few areas receiving greater than an inch of rain (Figure 5).  
The maximum accumulation for any region besides the GoM coast reaches only 3in in 
east New Mexico.  Most of the central United States experienced very little precipitation.  
Model simulations resulted in less than 2in for any location within the domain.  This is in 
stark contrast to the pre-onset period in 1993 in which the observations reveal a wide 
swath of accumulated rainfall up to 8in over north-central Kansas and parts of Nebraska 
and Iowa, with an imbedded maximum over southwest Iowa of greater than 10in.  The 
model simulates up to 5in of rainfall over the same region, with a broad region over much 
of the mid-west and central plains receiving at least 4in during this pre-onset period. 
  
During the 21-day post-onset period the precipitation fields are markedly different for the 
pre-onset time during both the 1988 and 1993 seasons, although the changes in 1988 are 
greater in expanse and magnitude.  In 1988 the accumulated precipitation increases over 
the entire domain in both the observations and model results.  Western Texas experiences 
the greatest increase in the observations, while the model produces only a modest 
increase over the same region.  Despite an increase in precipitation, most of the central 
plains and mid-west received less than 3-inches of rainfall in the 21-day period.  In 
contrast, southwest Texas was inundated with over 5-inches spanning a large region and 
one location receiving up to 10-inches of rain.  After onset in 1993 the trend was for a 
westward shift in the precipitation pattern in conjunction with the shift in the large scale 
ridge.  Thus, western Texas experiences a drying phase while Arizona, New Mexico, and 
northwest Mexico enter a relatively wet period.  The upper central plains and mid-west 
obtain much less precipitation after onset as seen most noticeably in the observations and 
to a lesser degree in the model analyses. The changes in the mid-west are in response to 
the westward shift in the large-scale ridge and increased upper-level subsidence.    
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3.0 Teleconnections of ENSO and PDO to warm-season climate in the Central U.S. 
 
There are two distinct modes of variation in Pacific sea surface temperatures which can 
be determined by various methods of statistical analysis.  The El Niño Southern 
Oscillation (ENSO) appears as the most dominant mode and has maximum variability in 
the eastern tropical Pacific.  ENSO has a dominant timescale of four to seven years, and 
its physics are fairly well understood as a coupled ocean-atmosphere interaction 
(Philander, 1990). The Pacific Decadal Oscillation (PDO) appears as a secondary mode, 
with maximum variability in the central tropical Pacific and North Pacific.  The limited 
observational record suggests the PDO is indeed multi-decadal, but it is, as yet, difficult 
to evaluate whether that timescale is statistically significant.  The PDO mode is ENSO-
like in terms of the associated atmospheric response, particularly in winter (e.g. Zhang et 
al. 1997).  The physics of the PDO are still poorly understood.  It may occur as result of 
pure stochastic forcing from the atmosphere (Deser et al. 2002), low-frequency 
atmospheric forcing from the tropics associated mainly with ENSO (Alexander et al. 
2002), or internal ocean dynamics.  Both of these modes appear in all seasons of the year, 
including boreal summer.  Figure 6 shows the first and second rotated empirical 
orthogonal functions (EOFs) of global boreal summer SST, as determined by Schubert et 
al. (2002). 
 
Shown in Figure 7 are the Reynolds and Smith (1994) observed May-August normalized 
sea surface temperature anomalies.  The summers of 1988 and 1993 had anomalous SST 
signatures of nearly opposite sign which projected strongly on both ENSO and PDO SST 
modes.  Given the strong, and different, SST signatures, the summers of 1988 and 1993 
have served as archetypes to examine the response of remote Pacific SST forcing in 
boreal summer.  Numerous idealized global model studies have concluded that boreal 
summer teleconnection responses do exist due to anomalous Pacific SST forcing, but 
there has been disagreement as to which area(s) of the Pacific generate the strongest 
response.  Schubert et al. (2002) used the NASA Seasonal to Interannual Prediction 
Project (NSIPP) general circulation model to explicitly evaluate the atmospheric response 
to ENSO and PDO-associated SSTs in boreal summer.  They executed a series of 
ensemble GCM simulations forced with the superimposed dominant EOF patterns on 
Pacific SST climatology.  Distinct zonally symmetric modes of atmospheric variability 
associated with ENSO and PDO-SST modes appear in atmospheric reanalyses and the 
general circulation model data.   These modes strongly influence the summer atmospheric 
circulation pattern over North America, and, hence, are closely related to the occurrence 
of wet and dry years in the central U.S.  Figure 8 shows the dominant EOF modes in 500-
mb height related to ENSO and PDO.  The observations are taken from the ENSO and 
PDO reanalysis composites of Castro et al. (2001) based on Pacific SST indices. 
 
Castro et al. (2001) determined that a synergistic combination of ENSO and PDO 
variability in Pacific SST best explained variability of summer climate in North America.  
By classifying all summers in the NCEP reanalysis record according to a combined 
ENSO-PDO SST index (P index), they determined that the teleconnection patterns tend 
to modulate the typical progression of summer climatology.  El Niño (La Niña) and high 
(low) PDO years are associated with late (early) onset of the North American monsoon in 
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the southwest U.S. and a lengthened (shortened) central U.S. spring wet period.  The 
summers of 1988 and 1993 are good examples of when these series of events occurred. 
Figure 9 shows the evolution of the integrated moisture flux convergence between the 
highest and lowest P index years in the Southwest and Great Plains. Identical trends exist 
in the station precipitation data for these regions.   
 
Castro et al.  (2004) have used RAMS to simulate seventeen observed years of 
significant ENSO-PDO signature in Pacific SST during the period 1950-2000.  These 
four-month simulations start in mid-May and use a 35 km domain extending across the 
contiguous U.S. and Mexico. Shown in Figure 10 are the differences in July precipitation 
between 1993 and 1988, and the composite high P index minus low P index years.  In 
both cases, the model results indicate an organized continental-scale pattern of 
interannual variability in North American summer precipitation related to Pacific SST 
variability. Note that besides the central U.S. and the Southwest, strong precipitation 
signals exist in northwest Mexico and the southeastern U.S.   
 
4.0 Soil moisture and recycling 
 
Another factor known to affect the North American Monsoon circulations as well as 
regional circulations affecting warm season precipitation over the central U.S. is soil 
moisture. On the western U.S.and seasonal scale, Higgins et al. (1998) found that dry 
(wet) preceding winters in the southwestern U.S. were correlated with wet (dry) SWM 
seasons, again suggesting some seasonal predictability to the SWM. Betts et al. (1996) 
similarly found that improved treatment of soil moisture in a global model resulted in 
more accurate moistening and reduced heating of the boundary layer about 1-day 
upstream of precipitating storm systems, and led to improved precipitation forecasts. 
Paegle et al. (1996) and Beljaars et al. (1996)  both found that accurate modeling of 
surface evaporation upstream of the central U.S. was important to improving simulations 
of the 1993  flood-producing precipitation, though for different reasons.  Paegle et al. 
(1996) concluded that drier soil and reduced evaporation in the southern region of the 
LLJ can lead to a stronger LLJ and moisture transport and thus to more precipitation 
downstream. Beljaars et al., on the other hand, found that the increased soil evaporation 
well upstream of the central U.S. (i.e., over the Mexican Plateau) resulted in reduced 
stability via a weakened subsiding branch of the NWMM which favored enhanced 
precipitation over the central U.S.  
 
Paegle et al (1996) concluded from their simulations that surface evaporation 
modification is less important than horizontal moisture in-flux to precipitation 
enhancement. Horizontal gradients in soil evaporation influences the temperature profile 
and associated buoyancy which influences the LLJ and associated surface convergence.   
They found that the Great Plains LLJ magnitude and diurnal oscillation is greatest for dry 
surface conditions near the jet core.  For rainfall formation, a stronger LLJ via a dry 
surface is of greater influence than surface evaporation near the jet core.  Downwind of 
the jet core, though, surface evaporation does lead to increased precipitation. For 
localized regions, stronger dynamical support for rain formation is more important than 
local evaporation.  Moisture advection from distant sources provided the saturated 
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atmosphere for the flood regions such that local evaporation contributed very little to the 
overall moisture budget of the region.  Sensible heating and dynamic lifting over the local 
flood area was of key importance to condensing advected moisture. The dry southern 
plains tended to induce a strong LLJ and diurnal oscillation which provided the 
dynamics, while moisture transport from the GoM and from northern synoptic weather 
systems provided the moisture for the flooding rains over the mid-west in 1993. 
 
Bosilovich and Sun (1999), further examined the influence of antecedent precipitation 
and soil moisture content on the 1993 floods. There regional simulations showed that 
with dry soils antecedent to the 1993 floods, the CAPE was lower but there was no 
capping inversion as found by Belhaars et al. The resultant greater surface heating 
weakened horizontal pressure gradients driving the LLJ and hence moisture convergence 
and precipitation was reduced. They then increased surface moisture to field capacity 
over the subregion of the Southern Great Plains(SGP). Similar to Paegle et al. (1996) 
surface evaporation increased. But in contrast to Paegle et al., who provided a fixed 
diurnal surface evaporation, they predicted varying soil moisture for the period. As a 
result evaporation was increased by 50% over the SGP in July but only 20% during June. 
Thus they found precipitation increased locally over the SGP in June. In July 
precipitation declines in the Midwest but the maximum shifts northwestward. But similar 
to Paegle et al they found that the areal average precipitation decreased due to a 
weakening of the strength of the LLJ. But an imposed dry soil moisture anomaly in the 
SGP also reduced the strength of the LLJ. Similar to Paegle et al they conclude that 
imposing uniform soil moisture anomalies, wet or dry, weakens the LLJ and 
precipitation. It is the gradients in soil moisture content that are important to the strength 
of the LLJ and consequent moisture advection. 
 
Studies by Betts et al. (1994) and Bell and Janowiak(1995) suggested that the 1993 
floods were due in part to antecedent precipitation in the spring which was subsequently 
recycled during the summer months. Their conclusions were supported by Trenberth and 
Guillemont (1996) who found surface evaporation was important to local ground water 
and precipitation. Using NCEP reanalysis data, Dirmeyer and Brubaker (1999) inferred 
the recycling ratio of moisture for 1993 and 1988.  They found that 33% of the water 
available for precipitation was surface recycled water in 1993 while it was 41% in 1988. 
The greater flux of moisture from the GoM was responsible for the lower ratio in 1993. 
Subsequently, Bosilovich and Schubert (2001) evaluated the recycling ratio using the 
NASA data assimilation system (DAS). Figure 11 shows that they likewise found that 
recycling was much less in the summer of 1993 than 1988. Compared to a 15-year 
average, the 1993 recycling ratio is two standards of deviation less while in 1988 it is 
well above normal.  
 
5.0 Predictability of extreme precipitation episodes 
 
Considering the success of the global and regional modeling studies of the 1993 and 1988 
extreme seasons it would seem that such events should be quite predictable. But, the 
regional simulations reported by Paegle et al. (1996), Bosilovich and Sun (1999),  
Fennessy and Shukla (2000), Saleeby and Cotton (2003c), and Castro et al. (2004), all 
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suggest that such forecasts require considerable resolution in order to represent features 
such as the LLJ, terrain forcing,  and precipitation correctly. Moreover, such forecasts 
require forecasts of SST’s and responses of surface hydrology and vegetation to 
antecedent precipitation before and throughout the forecast period, which are extremely 
difficult to predict. Thus accurate seasonal forecasts of rainfall, especially extreme 
episodes, will remain a challenge for some time to come.  
 
Furthermore, as noted by Yildiz and Barros (2003) prognostic skill of runoff with  land 
hydrology models depends on the temporal and spatial accuracy of rainfall forecasts, 
especially during flood events. Their work suggests that runoff-routing models must have 
at least 1km resolution in order to properly represent flood episodes. Their modeling 
work also suggests that during drought periods vegetation dynamics plays a comparable 
role to precipitation via evapotranspiration.  
 
6.0 Conclusions 
 
In this review, we have seen that NOAA GCIP/GAPP/CLIVAR/PACS founded research 
has made great strides in furthering our understanding of the important processes 
responsible for the occurrence of extreme rainfall episodes. But, before accurate seasonal 
predictions of rainfall can be made, considerable more work needs to be done. 
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Figure 6.  ENSO mode:  Eastern tropical Pacific, dominant timescale of variability 4-7 
years, physics fairly well understood as a coupled ocean-atmosphere interaction.  PDO 
mode: Central tropical Pacific and North Pacific, dominant timescale of decades (though 
hard to determine significance), physics still poorly understood.  These two modes exist 
in all seasons of the year, including boreal summer.  Normalized SSTA of Dominant 
(rotated) EOFs of global SST in boreal summer. Figure courtesy of Dr. Sigfried Schubert, 
NASA Goddard Space Flight Center. 
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La Niña, low PDO El Niño, high PDO  
 

Figure 7.  The summers of 1988 and 1993 had anomalous SST signatures of nearly 
opposite sign which projected strongly on both ENSO and PDO SST modes. [From 
Reynolds and Smith, 1994.]  
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Figure 8.  ENSO and PDO-related boreal summer SST force two distinct zonally 
symmetric modes of atmospheric variability.  Top panel:  Observations and bottom panel:  
GCM.  These modes strongly influence the summer atmospheric circulation pattern over 
North America and, hence, are closely related to the occurrence of wet or dry conditions 
in the central U.S. (Schubert et al. 2002). 1988 and 1993 serve as example years for 
which such responses were present.  Dominant EOF modes in 500-mb height related to 
ENSO and PDO. 
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Figure 9.  Castro et al. (2001) determined that a synergistic combination of ENSO and 
PDO variability in Pacific SST best explained variability of summer climate in North 
America.  By classifying all summers in the NCEP reanalysis record according to a 
combined ENSO-PDO SST (P index), they determined that the teleconnection patterns 
tend to modulate the typical progression of summer climatology. 1988 and 1993 serve as 
archetypal examples.  La Nina, low PDO: early monsoon onset; central US spring wet 
period ends early. El Nino, high PDO: late monsoon onset; lengthened central US spring 
wet period. 
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Figure 10.  Using Regional Atmospheric Modeling System (RAMS), seventeen observed 
years of significant ENSO-PDO signature in Pacific SST during the period 1950-2000 
have been simulated (utilizing the latest model developments).  Results show an 
organized continental-scale pattern of interannual variability in summer precipitation 
related to Pacific SST variability.  Shows differences in July precipitation (mm).  Left 
panel:  1993-1998.  Right panel:  High P – Low P. 
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Figure 11. Annual cycles of (a) recycling ratio ρ and (b) recycled precipitation. *

lP  for the 
GEOS-1 15-yr mean annual cycle (solid), 1988 (dash), and 1993 (dot–dash). Data are 
areally averaged over the central United States, and error bars indicate 1 standard 
deviation of the 15-month average. [From Bosilovich and Schubert, 2001.] 
 
 


