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RESUMEN

La meta general de la Investigacién Panamericana CLIVAR sobre el Sistema Monzdnico Norteamericano
es la determinacién de las fuentes ¥ limites de predictabilidad de la precipitacidn de la estacién caliente
en Norteamdrica, con énfasis en escalas de tiempo que van hasta la estacional e interanual. Para alcanzar
esta meta se han identificado varios objetives de investigacién incluyendo: 1. un mejor entendimiento de las
componentes clave del sistema monzdnico ¥ su variabilidad espacial ¥ temporal, 2. una mejor comprensidén del
papel de este sistema dentro del ciclo hidrolégico global, 3. datos observacionales mejorades y 4. simulacidn
¥ prediccion mensual y estacional mejoradas del monzin ¥ los recursos hidraulicos regionales. El propdsito
de este articulo es revisar el avance reciente que se ha hecho para alcanzar estos objetivos y resaltar alguncs
de los desafios futuros basados en las deficiencias de nuestra comprensidn.
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ABSTRACT

The overall goal of Pan American CLIVAR Research on the North Ameriean Monsoon System is to determine
the sources and limits of predictability of warm season precipitation over North America, with emphasis
on time seales ranging up to seasonal-to-interannual. To achieve this goal, several research objectives have
been identified including (1) a better understanding of the key components of the monsoon system and
their temporal and spatial variability, (2) a better understanding of the rele of this system within the global
water cycle, (3) improved observational data sets, and (4) improved simulation and monthly-to-seasonal
prediction of the monsoon and regional water resources. The purpose of this paper is to review the recent
progress made towards achieving these objectives and to highlight some of the }uturu challenges based on
gaps in our understanding.

Key words: monsoon, precipitation.

1. Introduction

A fundamental and necessary first step towards improving warm season precipitation prediction
is the clear documentation of the major elements of the warm season precipitation regime and
their variability within the context of the evolving land surface-atmosphere-ocean annual cycle,
Monsoon circulation systems, which develop over low latitude continental regions in response
to thermal contrast between the continent and adjacent oceanic regions, are major components
of continental warm-season precipitation regimes (e.g., see the review by Webster, 1987). These
systems are characterized by seasonal reversals of the circulation and precipitation regimes (e.g..
Ramage, 1971} with many links to weather and climate fluctuations (e.g., Kiladis and van Loon,
1988; Webster and Yang, 1992),

Orver southwestern North America there is a continental-scale monsoon-like circulation regime
that is associated with the summertime precipitation climatology of the region. This North Amer-
ican Monsoon System (NAMS) provides a useful framework for describing and diagnosing warm-
season climate controls and the nature and causes of year-to-year variability (e.g., Okabe, 1995;
Higgins et al., 1997b). A schematic summarizing some of the key elements of the NAMS during
its mature phase is shown in Figure 1. The schematic emphasizes the controlling influences of the
large-scale low-level flow ﬂ.munfl-tllr:le subtropical high pressure centers (indicated by “H") and the
large-scale upper-level flow around the monsoon anticyclone (indicated by “A").

Heating over the elevated terrain of Mexico and the western United States (U. S.) plays a major
role in the development and evolution of the NAMS, in a manner similar to what is observed with
the Tibetan Plateau and the South Asian Monsoon (e.g., Tang and Reiter, 1984) and with the
Bolivian Altiplano and the South American Monsoon (e.g., Johnson, 1976). While the NAMS is
less impressive than its sisters, it still has a tremendous impact on local climate, aceounting for a
large fraction of the total precipitation across the southwest U.S. and northwestern Mexico (e.g.,
Higgins et al., 1997h; Barlow et al., 1998).

Attempts to describe and understand the major elements of the NAMS and their variability
have been hampered to a large extent by the lack of adequate in situ and satellite data. Over the
last two decades operational data assimilation systems have provided global gridded atmospheric
analyses necessary for climate studies of phenomena such as the monsoon. However, operationally
mandated changes in the assimilation systems have introduced inhomogeneities in the data record
that have led to difficulties in defining anomalies (e.g., Trenberth and Olson, 1988). In addition, the
horizontal resolution of the global data assimilation systemns often precludes capturing many of the
mesoscale features that may be important to the monsoon system. Clearly, advances in describing
and modeling the warm season precipitation regime over North America require homogeneous
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Fig. 1. Mean 925-hPa vector wind (units: m 57%), 200-hPa streamlines, and merged satellite estimates and sta-
Lion ohservations of precipitation (shading) for July-September 1979-1905. Circulation data are taken from the
NCEP/NCAR reanalysis. The position of the North American Monsoon System anmticyclone i5 indicated by "A".
The Bermuda and North Pacific subtropieal high pressure centers are indicated by "H". Precipitation amounts are
in mm. The approximate location of the Great Plains low-level jet is indicated by the heavy solid arrow.

datasets. Recent multi-year global analyses produced with fixed assimilation systems, such as the
NCEP/NCAR reanalysis (Kalnay et al, 1996), are a major step forward in this regar.

Recent advances in observing, diagnosing and modeling the NAMS and its variability are due in
large part to several special programs that have focused on these issues, including the Pan American
Climate Studies (PACS) program, U.S. CLIVAR Pan American research, the CLIVAR/VAMOS
program, and the PACS/GCIP Warm Season Precipitation Initiative. One purpose of this paper
is to review said progress,

Dlespite this progress, many challenges remain. The structure of the low-level circulations that
supply moisture from the tropics along the Gulf of California and from the Culf of Mexica, the
precipitation patterns and associated divergent circulations, and the moisture and energy bud-
gets over the core North American monsoon region remain largely unvalidated and incompletely
understood. Dynamical understanding of the seasonal march of rainfall and its variahbility over
Mexico and Central America is incomplete. The meteorological observation and analysis system
for this region remains insufficient to describe relationships among low- frequency anomalies of the
Warm season precipitation regime and the nature and frequency of significant weather events such
as hurricanes and floods, Thus, a second purpose of this paper is to discuss some of the future
challenges associated with gaps in our understanding as a framework for future research activities
on the NAMS.
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The life cyele and large-scale features of the MAMS are discussed in section 2. Variability of the
NAMS is discussed in section 3, while modeling and predictability of the NAMS are discussed in
section 4. Future challenges and plans for process studies aimed at filling gaps in our knowledge
are given in section 5.

2. The climatological mean state

21  Life eyele

The life-cycle and large-scale features of the NAMS can be described using terms typically re-
served for the much larger Asian Monsoon system; that is, we can characterize the life-cycle in
terms of development, mature and decay phases. The development (May-June) phase is character-
ized by a period of transition from the cold season circulation regime to the warm season regime. In
southern Mexico May marks the beginning of the rainy season while in the U.5. Desert Southwest
May and early June are typically rainless { and Englehart, 1996 and Higgins ef al, 1999). The
northward penetration of the summer rainy season is accompanied by a decrease in mid-latitude
synoptic-scale transient activity over the conterminous U. 5. and northern Mexico as the extrat-
ropical storm track weakens and migrates poleward to a position near the Canadian horder by late
June (e.g., Whittaker and Horn, 1981; Parker et al., 1989). During this time there are increases in
the amplitude of the diurnal cycle of precipitation (e.g., Wallace, 1975; Higgins ef al, 1996) and
in the frequency of occurrence of the Great Plains low-level jet (e.z., Bonner, 1968; Bonner and
Paegle, 1970; Augustine and Caracena, 1996; Mitchell et al, 1995; Helfand and Schubert, 1995;
Higgins et af., 1997a).

The development of the North American Monsoon {Douglas ef of., 1993; Stensrud ef al., 1995;
Adams and Comrie, 1997) is characterized by heavy rainfall in late May or early June over southern
Mexico, which quickly spreads northward along the western slopes of the Sierra Madre Occidental
into Arizona and New Mexico by early July (Fig. 2). Precipitation increases over northwestern
Mexico coincide with increased vertical transport of moisture by convection (Douglas et al., 1993)
and southerly winds flowing up the Gulf of California (Baden-Dagan et al, 1991). The onset is
usually sudden, with the weather in the monsoon region changing abruptly from relatively hot,
dry conditions to cool, rainy ones. Mean monthly rainfall totals during the monsoon season exceed
30 em along much of the western slopes of the Sierra Madre Qceidental, causing the vegetation
characteristics in this region to evolve from near desert conditions to those typical of a tropical
rain forest within six to eight weeks (Douglas, 1993).

Increases in precipitation over the southwestern U. 5. occur abruptly around the beginning
af July (Mock, 199G; Higgins ef al., 1997h) and coincide with the development of a pronounced
anticyclone at the jet stream level (e.g., Okabe 1995), the development of a thermally indueed
trough in the desert Southwest (Tang and Reiter, 1984; Rowson and Colucei, 1992}, northward
displacements of the Pacific and Bermuda highs (Carleton, 1986, 1987), the formation of southerly
low-level jets over the Gulf of California (Carleton, 1986; Douglas, 1995), the formation of the
Arizona monscon boundary, and increases in eastern Pacific 55T gradients {Carleton et al., 1990),
and increased variability of the easterly low-level jet and convective activity in the Caribbean
{Amador et al., 2000).

From June to July there is also an increase in SLP over thé southwestern U. 5. (Okabe, 1995) and
a peneral height increase in mid-latitudes associated with the seasonal heating of the troposphere.
The largest increases in height occur over the western and southern U, 5. and are likely related
to enhanced atmospheric heating over the elevated terrain of the western U. S. and Mexico, and
increased latent heating associated with the development of the Mexican Monsoon, The resulting
middle and upper tropospheric “monsoon high" is analogous to the Tibetan High over Asia (e.g.,
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Fig. 2. Histograms of the mean {1950-1909) daily and S-day running mean precipitation (units: mm day ') during
May-Augnst at grid points in the southwestern United States and hMexieo. The grid points st which the data are
valid are located at the center of each box. The tepography of the region 35 alse included, courtesy of the United
States National Geophysical Data Center. The resolution of the data js 5 minutes { 0.083"). The topography data

are available on the World Wide Web at http://www.ngde.noas.gov /mee/mged.html Shading intervals are at 500
m, 1000 m, 2000 m and 3000 m.
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Tang and Reiter, 1984) and the warm season Bolivian High over South America (e.g., Johnson,
1976).

During the mature (July-August-early September) phase the NAMS is fully developed and can
be related to the seasonal evolution of the continental precipitation regime. The northern edge of
the monsoon extends into Arizona and New Mexico (e.g., Douglas et al., 1993), but the rainfall
is much lighter and more directly influenced by midlatitude effects in the Four Corners region
of Arizona and New Mexico. The monsoon high is associated with enhanced upper tropospheric
divergence in its vicinity and to the south, and with enhanced easterlies (or weaker westerlies) and
enhanced monsoon rainfall (Douglas et al., 1993). To the north and east of the monsoon high, the
atmospheric flow is more convergent at upper levels and rainfall diminishes from June to July in the
increasingly anticyclonic westerly flow (e.g., Harman, 1991}, Surges of maritime tropical air move
northward along the Gulf of California and are linked to active and break periods of the monsoon
rains over the deserts of Arizona and California (Hales, 1972; Stensrud et al, 1995). The mature
phase has also been linked with increased upper-level tropospheric divergence and precipitation in
the vicinity of an “induced” trough over the eastern 1. S. (e.g., Higgins et al., 1997h).

The decay (late September-Oectober) phase of the NAMS can be characterized as broadly the
reverse of the onset phase, although the changes tend to proceed at a slower rate. During this
phase the ridge over the western U. 5. weakens as the monsoon high retreats southward and
precipitation diminishes. The decay phase is also accompanied by an increase in rainfall over much
of the surrounding region {Okabe, 19953. Mexico's mean wettest month is September and this is
due to the heavy rainfall observed south of a line from near Mazatlan to Brownsville, Texas. By
the third week of September rainfall usually starts to decrease rather rapidly as the local seasonal
heating component weakens, Days have become shorter and the vegetated land mass cannot heat
up and sustain widespread convection.

2.2 Moisture source

MNumerous authors have attempted to identify the primary source of moisture for the summer
rains over the southwestern North America, Bryson and Lowry (1955) suggested that horizontal
advection of moist air at middle levels from the east or southeast around a westward extension of
the Bermuda high might explain the onset of summer rainfall over the southwestern U. 5.; this was
later corroborated by Sellers and Hill (1974). Several authors (Hales, 1972, 1974; Brenner, 1974;
Douglas et al., 1993) expressed skepticism for this type of explanation since moisture from the Gulf
of Mexico would first have to traverse the Mexican Platean and Sierra Madre Oceidental before
contributing to Arizona rainfall. Rasmusson (1966, 1967, 1968) was among the first to show a clear
separation between water vapor east of the continental divide, which clearly originates in the Gulf
of Mexico / Caribbean Sea, and moisture over the Sonoran Desert that appears to originate in
the Gulf of California. Schmitz and Mullen (1996) examined the relative importance of the Gulf of
Mexico, the Gulf of California and the eastern tropical Pacific as moisture sourges for the Sonoran
Desert using ECMWE analyses. They found that most of the moisture at upper levels over the
Sonoran desert arrives from over the Gulf of Mexico, while most of the moisture at lower levels
comes from the northern Gulf of California. Mean resultant surface winds across most of eastern
and north central Mexico are SE, which supports the hybrid idea of Schmitz and Mullen (1996),

Berbery (2001) used analyses from the NCEP Eta Maodel Data Assimilation System to show
that the diurnal cycle in moisture flux divergence over the core monsoon region is coupled to the
diurnal cycle in the sea breeze [ land breeze circulation. In particular, the afterncon seabreeze was
associated with strong moisture flux divergence over the Gulf of California and strong moisture
flux convergence along the west slopes of the Sierra Madre Occidental leading to intense afternoon
and evening precipitation. At night the land breeze develops, leading to moisture Hux convergence
near the coastline and over the %ulf of California where morning precipitation often develops.

Moisture sources for the NAMS remain poorly resolved, due in large part to the complex to-
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pography and sparse upper air instrumentation across the NAMS domain and the importance of
deep convection for vertical transport and moisture recycling. As suggested above, it is likely that
water vapor advective fluxes from both the Pacific and Gulf of Mexico contribute to warm season
precipitation across the NAMS domain, and better determination of the mix of fluxes and the
dynamical mechanisms that control advection of water from east and west will contribute to the
predictability of the NAMS.

2.3 Continental-scale precipitation pattern

The onset of the summer monsoon rains over southwestern North America has been linked to
a decrease of rainfall over the Great Plains of the U.5. (e.g., Tang and Reiter, 1984; Douglas et
al., 1993; Mock, 1996; Higgins et al, 1997b) and to an increase of rainfall along the East Coast of
the U.S. (e.g.. Tang and Reiter, 1984; Higgins et al., 1997b). In an EOF analysis of July rainfall
for the U. 5., Englehart and Douglas (1985) found that the first two modes of rainfall variability
emphasize inverse relationships between rainfall in the Southwest and the northern and central
Great Plains. Higgins et al., (1997b) showed that this continental-scale precipitation pattern (Fig.
3) is broadly consistent with changes in the tropospheric circulation and divergence fields {mean
vertical motion). Barlow ef al., (1998) found this to be a robust, climatological mean feature with
deep diabatic heating patterns. Okabe (1995) has shown that phase reversals in this continental-
scale precipitation pattern are related to the development and decay of the monsoon. These results
suggest that links between the summer monsoon in southwestern North America and summertime
precipitation in the Great Plains of the U. 8, may have predictive value at the seasonal time scale.

Recently, Higgins ef al., flElQB]I demonstrated that interannual variability of the continental-scale
precipitation pattern closely mimics the seasonal changes associated with the development of the
monsoon suggesting that precipitation and hydrologic anomalies over much of the continent during
the summer are strongly linked to the intensity of the monsoon and, in particular, to the intensity
of the monsoon anticyelone over the southwest.

2.4 Mid-summer minimum

Douglas and Englehart I{lﬂﬂﬁ? demonstrated that a dominant feature of summer rainfall patterns
in southern Mexico and Central America is an alternating wet-dry-wet period in the July-August-
September time frame. This pronounced double peak structure is clearly evident in observed pre-
cipitation and in diurnal temperature range equatorward of the Tropie of Cancer (Fig. 4), but
the physical setting responsible for this variability within the monsoon season remains elusive as
does its interannual variability. The double peak structure in precipitation extends southwestward
over the warm pool region of the eastern tropical Pacific. Recent evidenee indicates that the trade
winds, evaporation and precipitation patterns over the warm pool region modulate the sea-surface
temperatures in a manner consistent with the double peak structure, hence the mid summer break
(Magafia et af., 1999).

3. Variability

3.1 Interannual variabilily

There is a growing body of modeling and observational evidenee that slowly varying oceanie
boundary conditions (i.e., 55T, sea ice) and land boundary conditions (e.g., snow cover, vegetation,
and soil meisture) influence the variability of the atmospheric circulation on time scales up to
seasonal and annual (e.g., Yasunari, 1990; Yasunari ef al., 1991; Yasunari and Seki, 1992). Within
the context of the NAMS, Higgins et al (1998) showed that wet (dry) summer monsoons in the
southwestern U.S. tend to follow winters characterized by dry {(wet) conditions in the southwestern
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Fig. 3. Observed precipitation difference (r.iuI:.r minus June) for the petiod 1950-1999 over the conterminous United
States and Mexico. Precipitation data is from a daily, gauge-based precipitation analysis produced by the Climate
Prediction Center (Higgins el al., 2000). The units are mm month™!,

U.S. and wet (dry) conditions in the northwestern U.S. (Fig. 5). This association was attributed,
at least in part, to the wintertime pattern of Pacific S5T anomalies (S53TA) which provide an
ocean-based source of memory of antecedent climate fAuctuations.

A number of studies have considered the simultaneous relationship between 55T in the tropical
Pacific and NAMS rainfall. Harrington et al. (1992) found significant correlations between the phase
of the southern oscillation and Arizona / New Mexico precipitation. Hereford and Webb (1992)
suggested a relationship between increased summer precipitation in the Colorado plateau region
and the warm phase of ENSO. During the summer season other studies have argued that more
localized SSTA are important. Carleton et al. (1990) showed that the monsson in the southwest
U.S. is negatively correlated with S5TA along the northern Baja coast while Huang and Lai {1998)
found positive correlations with S5TA over the Gulf of Mexico. Ting and Wang (1997) found that
S5TA in the North Pacific may also influence precipitation over the central U. 5. Collectively these
studies have demonstrated various connections hetween waem season precipitation and 55T, but
the fraction of the total variance explained in each case is rather small.

Another possibility is that both winter and summer precipitation regimes are influenced by co-
herent patterns of S5TA that persist from winter to summer. Douglas et al. (1982) and Namias et
al. (1988) emphasized that persistent S5TA patterns in the North Pacific are often associated with
persistent atmospheric teleconnection patterns. They identified the region in the midlatitudes of
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Fig. 4. Time-latitude sections of the mean (1961-1990) annual cycle of (a) precipitation, (b) meximum serface
temperature, (c) minimum surface temperature, and (d) diurnal temperature range (ie., the diference between (b)
and {c]). Data are averaged zonally over west coast land points within 10° of the const at esch latitude.

the central North Pacific (near 40° N) as being an important area where SSTA have an effect on
circulation anomalies downstream over the U.S. Of particular relevance for the NAMS is the work
of Carleton ef al (1990) who demonstrated that anomalously wet (dry) summers in Arizona tend
to follow winters characterized by the positive (negative) phase of the Pacifie-North America tele-
connection pattern. Mo and Paegle (2000) argue that the Pacific influence on the NAMS depends

on the particular combination of tropical and extratropical SSTA patterns that persist from winter
to summer.

Monsoonal rains are also influenced by changes in land-based conditions that provide memary of
antecedent hydrologic anomalies. Observational and modeling evidence indicates that the spring-
time snowpack across Eurasia modulates the amplitude of the Asian monsoon rains in the following
summer, such that heavy snowpack leads to a weak monsoon, and light snowpack leads to a strong
monsoon ( e.g., Barnett et al., 1989; Vernekar et al., 1995; Yang ef al., 1996). Gutzler and Preston
(1997} found an analogous relationship in North America such that excessive snow in the south-
ern Rockies tends to be associated with deficient summer rainfall in the Southwest and deficient
snowfall tends to be associated with abundant summer rain. This is consistent with the findings
of Douglas (1988), in which May air temperatures in the central Rockies (a proxy for snow Cover)
was found to be negatively correlated with subsequent summer rainfall in the northwest Mexican
states of Sonora and Chihuahua.

Seasonal weather prediction has also been shown to be dependent, at least in portions of the
region, on the soil moisture at the beginning of the growing season (Pielke et al., 1999) and the
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Fig. 5. Composite evolution of the 30-day running mean, area average precipitation (units: mm day~') over Arizona
and New Mexico for wet monsoons (dotted line), diy monsoons (dot-dashed line) and all {1963-%4) mansoons (salid
line). The average date of monsoon onset is July 1 for wet monsoons, July 11 for dry monsoons and July T for all
monsoons (defined as day 0 in each case).

feedback between vegetation growth and rainfall (Eastman et al., 2000, Lu et al, 2000). This
feedback may explain why correlations between ocean S87Ts and rainfall over the Great Plains and
southwest U. 5. deteriorate during the warm season (Castro et al., 2000a). The inclusion of models
of the vegetation response to weather, and the subsequent feedback to rainfall and other weather
variables, therefore, may improve seasonal weather prediction. To accomplish this goal, however,
s0il physics and vegetation dynamics must be included as seasonal weather variables in the same
context as rainfall, temperature, and other atmospheric variables,

Complicating all these studies of NAMS interannual variability is the noncoherence of warm
season precipitation anomalies across the NAMS domain, Gutzler (2000) showed that the interan-
nual variability of southwest U.5. summer rainfall anomalies could be divided into several coherent
regional patterns. Rainfall in New Mexico and Arizona varied in statistically independent ways,
suggesting that different factors might modulate seasonal anomalies in the western and eastern
parts of the NAMS domain,

3.2 Decedal variability

Latif and Barnett (1996) discussed two types of decadal variability in the North Pacific that
may be relevant for the NAMS. The first is associated with the climate shift in the North Pacific
in the mid-1970s (e.g., Douglas et al, 1982; Trenberth and Hurrell. 1994; Miller et al., 1994;
Graham et al., 195}4[] which many authors agree is a manifestation of atmospheric forcing driving
ocean variations, The second type is more oscillatory, and involves unstable ocean-atmosphers
interactions over the North Pacific as originally hypothesized by Namias (1959). Namias argued
that SSTA in the North Pacific influence the atmospheric transients, hence the mean westerly flow
in such a way as to reinforce the original SSTA. Recent coupled GCM and observational studies
(e.g., Latif and Barnett, 1994, 1095) have implicated Namias's hypothesiz in the decadal variability
of the North Pacifie-North American sector.
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In a recent study Higgins and Shi (2000} argued that the summer monsoon in the southwest
U.5. is modulated by longer term (decade-scale) fluctuations in the North Pacific S3Ts associated
with the Pacific Decadal Oscillation (PDO). Relatively wet monsoons tended to oceur during the
negative phase of the PDO while relatively dry monsoons were more frequent during the positive
phase of the PDO. This is consistent with the fact that El Nifio (La Nifia) events, which tend to
favor relatively dry (wet) monsoons in Mexico, occur more frequently during the positive (negative)
phase of the PDO. Higgins and Shi (2000) also found that the mechanism relating the North Pacific
wintertime SST pattern to the summer monsoon appears to be via the impact of variations in
the Pacific jet on west coast precipitation regimes during the preceding winter, This mechanism
affects local land-based sources of memory in the southwestern U.S., which in turn influence the
subsequent timing and intensity of the summer monsoon. These results are consistent with recent
results of Castro et al. (2000bL).

The teleconnectivity of monsoon rainfall in Mexico with various large-scale climate indices ap-
pears to vary according to the phase of the PDO (Englehart and Douglas, 2001). During the
positive phase of the PDO (warm 55T5 off the West Coast, cold S5Ts in the central North Pacific)
rainfall over most of Mexico exhibits strong negative relationships with ENSO. During the negative
phase of the PDO relationships between Mexican rainfall and ENSO are weak. However, in the
negative phase of the PDO local climate indices become more prominent as potential predictors of
regional rainfall in Mexico (e.g. continental ridge position and local SST fields). This shift to local
teleconnection indices becoming more important suggests that local land-sea processes may play
a larger role in shaping the monsoon in Mexico during periods when global SSTs and atmospheric
circulation are less coupled.

Recent research has shown that low-frequency variability in U.S. summer rainfall is associated
with multidecadal variability in the North Atlantic S5T (Enfield et al., 2001). For example, the
North Atlantic warming (roughly 1930-1965) included two of the most well known droughts (the
1930°s Dust Bowl and the 1950s drought). The North Atlantic variability is also associated with
important changes in the winter correlation patterns between U.S. rainfall and ENSO. Much of cur
empirical knowledge of ENSO rainfall effects over the 1.5, has been obtained during the recent
period of North Atlantic cooling (roughly 1969-1994). However, relatively little is known about
hew this low-frequency S5T variability interacts with interannual fluctuations of the NAMS.

3.8 Introsensonal variability

"The intensity of the seasonal mean monsoon is influenced by the nature of the variability within
the monsoon season. Previous attempts to relate rainfall anomalies for the monsoon season to the
date of onset of the Indian monsoon (e.g., Dhar et al., 1980) have generally shown little relationship
indicating that the intraseasonal variability of monsoon rainfall is quite large. A season with
deficient monsoon rainfall does not imply an absence of rainfall for the whaole season, but rather
prolonged periods of reduced rainfall often referred to as “break” monsoons; prolonged periods of
enhanced rainfall are referred to as “active” monsoons.

Tropical rainfall exhibits strong variability on sub-seasonal time scales throughout the global
tropics. These fluctuations, which are also clearly evident in the tropical planetary-seale sea-level
pressure field and in the winds over the western Pacific, often go through an entire eycle in 30-60
days, and are commonly referred to as intraseasonal oscillations or Madden-Julian Oscillations
(MJOrs) (Madden and Julian, 1971, 1972, 1994). There are distinct patterns of lower-level and
upper-level atmospheric circulation anomalies which accompany the M.JO-related patterns of trop-
ical rainfall (e.g., Kayano and Kousky, 1999). These circulation features extend around the globe
and thus provide impaortant information regarding the regions of ascending and descending motion
associated with particular phases of the oscillation.

Many studies have shown that the MJO strongly affects the NH winter jet stream and atmo-
spheric circulation features over the North Pacific and western North America. During the NH
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summer the MJO has a modulating effect on tropical eyclone activity in the Indian, Pacific and
Atlantic Ocean basins (e.g., Liebmann et al., 1994; Maloney and Hartmann, 2000a; Maloney and
Hartmann, 2000b; Higgins and Shi, 2001). Higgins and Shi {2001) separated the dominant modes
of intraseasonal and interannual variability of the NAMS in order to examine MJO-related and
ENSO-related influences on monsoon precipitation. They found a strong relationship between the
leading mode of intraseasonal variability of the NAMS, the MJO, and the points of origin of trop-
ical cyclones in the Pacific and Atlantic basins (Fig. 6). They concluded that it is very important
to monitor and predict MJO activity during the NH warm season, since this activity has profound
implications for weather and short-term climate variability in the region.

In a regional study of western Mexico, Englehart and Douglas (2001) provide evidence for the
prominent role that tropical storm activity plays in seasonal rainfall regimes. They show that for
many locations in western Mexico, tropical storm activity can account for 20 to 60% of normal warm
seasonal rainfall. Based on the analyses (1949-97) it is apparent that this activity not only follows
definite intraseasonal preferences, but shows marked interannual variability which is tied partly
to large-scale climate modes such as ENSO and the PDO. Douglas and Englehart (1998) found a

ronounced decrease in tropical storm activity near the coast of Mexico during El Nifio summers
EF ig. 7) and partially attributed the well documented summer dryness during warm events to this

ecreased tropical storm activity. During the cold phase of ENS({, they found that tropical storm
tracks were modulated by the position of the mid continental ridge. Active monsoon seasons were
found to be associated with a northward displaced continental ridge position, northward displaced
tropical storm tracks and active La Nifia conditions along the equator.

During the summer Mesoscale Convective Complex (MCC) activity is pronounced in western
Mexico during July and August (Fig. 8), with considerable year to year variability which is believed
to be partly regulated by variability in the position and intensity of the subtropical ridge across
North America. In a study of high resolution imagery for 1982-85, Douglas et al (1986) found
that MCC activity was most frequent when a broad easterly flow occurred across the region in
association with a strong southward displacement of the subtropical ridge near the U.S. - Mexican
border. Based on a study of 49 MCCs that developed near Empalme and Mazatlan radiosonde
sites, it was found that the most common setup for MCC development included a capping inversion,
easterly downslope winds west of the Sierra Madre Occidental and intense daytime heating prior to
the MCC outhreak. MCCs were found to be more frequent during dry months or years in Mexico.
Rainfall amounts in excess of 400 mm have been attributed to individual storm events in northwest
Mexico. Douglas ef al. (1986) found that the MCCs in northwest Mexico tended to track to the
right (nearly 45 degrees) of the prevailing mid-level easterly flow with most storms dissipating
over the Gulf of California or near the U.5.-Mexican border. These systems also contribute to the
formation of low level moisture surges up the Gulf of California (e.z. Douglas et al., 1993; Stensrud
et al., 1997). NWS forecast offices in the southwestern U.5. have noted the role that these storms
play in transporting low level moisture northward in their accompanying outflow boundaries that
perindically spread into the desert southwest the morning after the MCC event. The ability to
predict MCC activity in Mexico is an important factor in the preparation of NWS forecasts for
the southwest.

The influences of organized mesoscale convective regions on the local large-scale environment
are well known. In particular, upper-level meso-a-scale anticyclones are associated with MCOSs in
the midlatitudes (Ninomiya, 1971a,b; Maddox, 1980; Fritsch and Maddox, 1981) and can have
wind speed perturbations of over 20 m s™! and 200 hPa height perturbations of over 80 m (Fritsch
and Maddox, 1981; Perkey and Maddox, 1985). Organized convective activity also can enhance
upper-level jet streaks (Keyser and Johnson, 1984; Wolf and Johnson, 1995a,b) and has been shown
to modify the large-scale environment to be more favorable for cyclogenesis (Zhang and Harvey,
1995). While these studies focused mainly upon individual MCSs, such that feedback on the large-
scale appears to be spatially and temporally restricted to the space and timescales of the parent
convection, Stensrud (1996) has shown that long-lived mesoscale convective regions can produce
long-lived alterations to the large-scale flow patterns. The importance of any feedbacks between
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Fig. 6 Composite evolution of MIO events during the summer months topether with points of arigin of tropical
cyclones that developed into hurricanes / typhoons [open circles), The green ?Emwn] shading roughly correeponds to
regions where convection is favored (suppressed) as represented by 200-hPa velocity potential anomalies, Composites
are based on 21 events over a 19 summer period. Hurricane track data is for the puriod JAS 19701997, Paints of

origin in each panel are for different storms. Contour interval is 0.5 x 10° m® s™* | negative contours are dashed, and
the zero contour is omitted for clarity.
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Fig. 7. Total number of tropical storms and hurricanes (May-August) passing through 5 degree squares adjacent to
the coast of Mexico from 15% N to 25" N (see Douglas and Englehart, 1998). El Nifio summers and non-El Nifio
summers are indicated by dots and x's, respectively. The analysis is restricted to the satellite era, 1967-97.

MCCs and the large-scale environment during the monsoon is unknown at present.

Stensrud et al. (1995) showed that a mesoscale model can simulate many of the observed features
of the NAMS, including southerly low-level flow over the Gulf of California, the diurnal evele of
convection, and a low-level jet that develops over the northern end of the Gulf of California. One
particularly important feature that the model reproduces is a gulf surge, a low-level, northward
surge of moist tropical air that often travels the entire length of the Gulf of California. Cammon
characteristics of these disturbances (Hales, 1972; Brenner, 1974) include changes in surface weather
{a rise in dewpoint temperature, a decrease in the diurnal temperature range, a windshift with
an increased southerly wind component, and increased cloudiness and precipitation). Gulf surges
appear to promote increased convective activity in northwestern Mexico and the southwestern 17.5.
and are related to the passage of tropical easterly waves across western Mexico (Stensrud et al.,
1997; Fuller and Stensrud, 2000). Sustained and enhanced in situ and satellite observations are
required to examine the structure of the tropical easterly waves and Gulf of California surge events,
their frequency of occurrence, and the temporal evolution of the moisture transport.

Mesoscale low-pressure systems at the southern end of the Gulf of California may also be im-
portant in triggering gulf surges. In many cases, these lows result from northward excursions of
the ITCZ in the east Pacific. Zehnder et al. (1999) hypothesize that easterly waves approach from
the Caribbean and perturb the ITCZ from its climatological mean position near 10*N. They also
describe a case of an eastern Pacific tropical cyclone that formed on the eastern edge of the per-
turbed ITCZ. The response of the ITCZ to the easterly wave forcing may depend on the phase
of the MJO. In particular, the westerly phase of the MJO may result in a larger vorticity of the
ITCZ, consistent with Zehnder et al. (1999),
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Fig. 8. Mean occurrence of BMesoscale Convective Systems (MCCs) over western Mexico (north of 207 N and west
of 106° W) based on data from 1982-1985. Activity rapidly decreases in September in response to seasonal cooling
and weakening of the subtropical ridge and attendant easterly flow across northern Mexico,

One aspect of the connection between gulf surges and tropical easterly waves that has not been
systematically explored is the extent to which it might influence the interannual variability in the
onset and intensity of the monsoon. Since tropical easterly waves and gulf surges are most common
during the summer months, they are most likely to play a role in the onset of the monscon in the
southwestern U. 5., which typically begins in early July. In addition, the extent to which tropical
easterly waves might help explain the midsummer transitions over southern Mexico and Central
America also needs to be explored.

The Caribbean Sea Low Level Jet {CALLIJ) constitutes one of the most important atmospheric
circulation features over the Caribbean Sea. Its origin is unclear, but its barotropically unstable
nature suggests a close relationship with transients such as tropical easterly waves (TEWs) The
jet is strongly tied to the ENSO cycle; during El Nino (La Nifa) epizodes the CALLJ tends to be
stronger (weaker) and transient activity in the eastern Pacific increases (decreases). The intensity
of the CALLJ is also closely related to tropical convective activity on seasonal-to-interannual time
grales. As argued by Amador et al. (2000), the intense convergence that forms at the exit of the
CALLJ is associated with a maximum in convective activity over the western Caribbean. July
precipitation data {Legates and Wilmott, 1990, shows that the region of maximum low-level wind
convergence coincides with a maximum in precipitation off the Caribbean coast of Nicaragua and
Costa Rica. Changes in the intensity of the CUALLJ modulate the wind shear amplitude and,
therefore, the conditions for tropical cyvelone activity, The CALLJ may constitute the dynamical
mechanism through which the Caribbean and eastern Pacific 55T anomalies are related. Magana
et. al (1999) have shown that the trade winds over the subtropical Americas, and the CALLJ in
particular, respond to the intensity of summer convective activity in the eastern Pacifie, in close
relation to the phases of the Mid Summer Drought (MSD).
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4. Predictability and numerical simulations

The North American monsoon oceurs in a region with complex terrain, sipnificant land-atmosphere
interactions and ocean-atmosphere interactions down to the mesosecale, 'ﬁms, a credible numerical
model simulating the monsoon would be expected to accurately represent the location and spatial
structure of precipitation, resolve the diurnal cycle of the circulation and precipitation patterns,
and include the t= of small scales by resolving them either explicitly or implicitly. This implies
that particular care must be taken to ensure proper interactions between the spatial scales of the
monsoon system, which vary from the convective scale to the global scale. The potential importance
of known atmospheric and oceanic features throughout this broad spectrum of spatial and temporal
scales is one of the major challenges to Improving our understanding of the NAMS,

In general, the divide between regional and global modeling approaches remains large. In par-
ticular, regional models resolve mesoscale atmospheric features and high resolution topography,
but do not interact properly with the large scale circulation. Global models provide the scale in-
teractions, but do not resolve the mesoscale features and are limited by the coarse lower boundary
conditions. The challenge facing the modeling community is to bridge the gap between the two
modeling approaches. One obvious solution is to run global models at high resolution. While this
is dfi:sira‘tlnle, it remains mostly impractical. Instead, at least three other approaches have been
employed.

4.1 Limited-area models

Limited-area models have been used to diagnose the processes taking place over the Gulf of
California and nearby regions when the forcing is primarily local. In addition to the mesosecale
modeling work of Stensrud et al. (1995) and Stensrud et al. (1997), other studies have used these
types of models to investigate the role of tropical storms (Swanson, 1998) and soil moisture (Small,
2001) in the monsoon evalution.

Despite these results, in most instances regional models lack the ability to reproduce the in-
teractions between the regional and large scales, preventing investigation of the relative roles of
large-scale dynamics and surface fluxes in modulating warm season precipitation. An exception to
this is the NCEP's Eta model, which has a large domain and relatively high resolution (Mesinger,
1998). In the past the Eta Model did not properly reproduce the North American monsoon circu-
lation, but significant modifications to the Inﬁdeli"’lave improved the situation. The impact of these
changes is reflected in more realistic atmospheric circulation and precipitation patterns, and the
madel forecasts are closer to observations. A comparison of the Eta model precipitation forecasts to
satellite estimates (Berbery, 2001) revealed that the patterns agree in shape, location and spatial
scale. In addition, the magnitudes were similar to those found in gauge-based precipitation clima-
tologies. Berbery (2001) also showed that the Eta model reproduces the diurnal eycle of moisture
flux over northwestern Mexico and the U.S. Great Plains.

The current version of NCEP's Eta model has a 22 km grid spacing that covers the entire North
American continent and large portions of the adjacent oceanic regions extending into the deep
tropics. It is important to include the tropical band equatorward of 15° N in a regional model
in view of the potential significance of tropical easterly wave / Gulf surge interactions on NAMS
precipitation,

Gochis et al. (2001) documented sensitivities of the PSU/NCAR MMS5 v3.4 mesoscale model
(Grell et al, 1994) to three different convective parameterization schemes (CPSs), specifically those
of Grell (1993), Kain-Fritsch (Kain and Fritsch, 1990), and Betts-Miller-Janjic (Janjic, 1894), in
a season-long simulation of the evolution of the 1999 NAM. Consistent with preliminary studies
{(Gochis et al., 2000), errors using the Grell and Betts-Miller-Janjic schemes were greater and,
in statistical terms, significantly different from those using the Kain-Fritsch scheme. All schemes
produced a negative bias in daily mean dewpoint temperature across the model domain, with the
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error being the greatest in the southwestern U.S. A comparison of stationary and transient eddy
mean vertically-integrated moisture flux fields for the initial phase of the 1999 NAM revealed that
transient eddies play a significant role in low-level moisture transport over the Gulf of California,
consistent with Berbery l?2[]*[!1}. The nitude and spatial distribution of the modeled moisture
fluxes are significantly different betweer?]ﬂ%PSs, and are associated with differences in precipitation,
total atmospheric water content, and surface latent heat flux. On the basis of this study, it is evident
that representation of terrain-induced convection across the NAM region has a marked influence
on the modeled surface hydrology, and this is important when using model-derived data to drive
surface hydrology models.

4.2 Global models

Several studies based on global model simulations or analyses have contributed to our under-
standing of the continental scale circulation associated with the North American monsoon (e.g.,
Higgins et al., 1997b; Barlow et al, 1998). However, extending these analyses to regional scales
may misrepresent the nature of the fields and therefore of the physical processes involved. Figure
9 shows the moisture flux convergence over the core monsoon region as estimated from the NCEP
and the ECMWEF reanalyses for the period July 1979-1993, Despite the differences in magnitude,
the analyses agree in representing the area of moisture flux divergence over the Pacific Ocean to
the west of Mexico. It might be inferred that the moisture follows a path from the Pacific Ocean
into the monsoon region. '%11]5 result is due to the fact that global analyses do not resolve the Gulf
of California. However, the same field from NCEP's Eta model analyses (see Fig. 7 of Berbery,
2001) reveals that most of the moisture flux divergence appears to be over the Gulf of California
itsell. The location of the divergence center is not simply a shift of the pattern; rather, it implies
different physical mechanisms and interactions related to, among other things, the lower boundary
conditions (e.g., the S5Ts of the Pacific Ocean are several degrees colder than those in the Gulf of
California).

Bovle (1098) analyzed the annual eyele of precipitation over the southwestern U. S. in the
output from 30 GCMs participating in the Atmospheric Model Intercomparison Project (AMIP:
Gates, 1992). Model estimates of precipitation tended to improve with finer resolution, although
fine resolution was neither necessary nor sufficient to produce a precipitation estimate that was
maore consistent with observations. Arritt et al, (2000) examined the NAMS in ten-year records
for control climate and enhanced greenhouse-gas scenarios from the Hadley Centre coupled ocean-
atmosphere GCM. They found that precipitation trends and dynamical response to the NAMS
were reasonably well represented for the current climate, and that the enhaneced greenhouse-gas
simulation suggests higher precipitation amounts over the NAMS region. However, the authors
point out that it is risky to draw conelusions from a single model realization of a single scenario.

An important issue for NAME is the serious errors in coupled model simulations of warm season
precipitation in tropical and subtropical land-ocean interaction regions. For example, a compari-
son of the precipitation pattern from an state-of-the-art climate simulation using Version 3 of the
National Center for Atmospheric Research (NCAR) Community Climate Model (CCM3; AMIP
simulation CCM3.6) to Xie and ﬁu’kiniglﬂgﬁ} observed precipitation (Fig. 10) shows large overes-
timates in precipitation along the Pacific Coast of Central America and Mexico in the simulation
and underestimates further to the south near the ITCZ. Precipitation is also underestimated over
much of the monsoon region of the southwestern U. 5. These problems can be attributed, at least
in part, to an improper representation of the diurnal eyele (of heating and convection) in climate
models.

Research on the interaction of the land surface and the atmosphere demonstrates that spa-
tial heterogeneities in surface parameters (e.g., soil moisture, precipitation, vegetation cover) are
important in determining surface evapotranspiration, runoff, and other surface properties (e,
Avissar and Fielke, 1989; Koster and Suarez, 1992; Seth et al., 1994). One way of representing
the climate dynamics of land at higher resolution in a GCM involves coupling a fine mesh surface
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Fig. 9. Verticall inlcgii"a'l,od moisture Aux and its convergence for July 1979-1993 as estimated from the ECMWEF
reanalysis and the MCEP reanalysis.
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model to each grid point of a GCM (Hahmann and Dickinson, 2001). In this manner it is possible
to represent sub-grid scale processes that otherwise would be ignored in the global model. The
fine-mesh land surface representation easily incorporates explicit sub-grid scale parameterizations,
including radiative, hydrological, and topographic processes and rainfall disaggregation. The need
for this approach is justified because spatial heterogeneities in surface aerodynamic roughness and
albedo are major factors that influence precipitation over tropical land (Hahmann and Dickinson,
2001).

Yang et al. (2001a,b) examined the capability of several configurations of CCM3 operating at
T42 resolution, to simulate the circulation and rainfall patterns of the NAM. When foreed with
repeated identical annual cycles of climatological average SSTs, the CCM3 significantly under-
represents monsoon rainfall in the southwestern U.S. while simulating eicessive precipitation in the
tropical eastern Pacific Ocean and the Caribbean Sea {(Yang et al, 2001a). However, when forced
with the observed monthly average S8Ts from 1979 to 1097, the CCM3 produces an improved
simulation of monsoon rainfall in these regions (Yang ef al., 2001hb). Using the S5Ts for 1983 in
the Pacific with climatological SSTs elsewhere, the modeled circulation and rainfall distribution
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resembles that given with observed monthly average SSTs. The simulations are sensitive to the
size of the domain over which Pacific ST anomalies are imposed. Overall, these results suggest
that the magnitude and size of wintertime Pacific SST anomalies have a significant influence on
summertime rainfall in the southwest U. S. and that their effect influences the NAM precipitation
climatology in extreme years more than in less extreme years.

Present climate simulations with the NCAR CCM3 global model (Yang et al., 2001a) also
show a very pronounced dry bias in precipitation over much of the southwestern U. S. Yang et al.
(2001a) also assessed the importance of so0il moisture anomalies on the large-scale circulation in this
region. Their results suggest only a marginal role of land surface processes in this region. However,
simulations with CCM3 coupled to the fine-mesh model show that the precipitation over this region
is sensitive to nearby 55Ts and the high-resolution land characteristics, Moreover, precipitation
rates over the NAMS region increase and are closer to observations when using observed SST’s
and the fine mesh model.

4.8  Variable resolution global models

A variable resolution GCM using a stretehed grid with fine resolution over an area of interest is
a viable new approach to regional-to-global climate studies and applications. Variable resolution
models (e.g., If;egle, 1989; Hardiker, 1997; McGregor and Katzfey, 1998; Fox-Rabinovitz ef al.,
1997) provide a unique opportunity to study regional events {with enhanced resolution) including
interactions with large scale phenomena, because they provide consistent interactions between the
seales of motion.

The stretched grid approach makes long-term simulations possible without a continuous or peri-
odic updating of the regional lateral boundary conditions from a driving GCM or data assimilation
system, and without periodic regional re-initialization. Moreover, when the stretched grid is global,
no computational buffer around the area of interest is needed at all (Fox-Rabinavitz et al., 1997,
2001a, 2001b). Long term integrations with a version of NASA’s GEOS model using a stretched
grid approach produce patterns of low-level moisture flux over southwestern North America / the
Gulf of California that are more consistent with observations (Douglas et al., 1998) than current
global reanalyses. The life eycle of the monsoon (e.g., development, maintenance and decay) and
the out-of-phase relationship between precipitation in southwestern North America and that in
the U, 5. Great Plains are captured in the model simulations.

5. Data set development

Several data set development efforts, especially those involving precipitation, have been useful for
recent diagnostic and modeling studies of the NAMS.

5.1 Gauge-based precipitation data sets

Under the auspices of the CLIVAR/PACS and GAPP programs, the NCEP/Climate Prediction
Center has undertaken a comprehensive program to improve the analysis of gauge-based precip-
itation over the Americas on a range of space and time scales. The goal has been to develop
improved daily, monthly and seasonal gauge-only precipitation analysis products and applications
for the Americas in support of climate monitoring, climate prediction, and applied research. Several
gridded daily analysis products are currently available:
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Real-time analyses Historical reanalysis

U. 5. (1996-present) U. 8. (1948-1998 4 daily)
South America (1999-present) U. S. (1948-2000+; hourly)
Mesxico (2001-present) Mexico (1961-1999)

Brazil (1961-1999)
Canada (1961-1999)

The overall goal of this effort is to couple real-time daily analyses with historical reanalyses
for all of the Americas, so that current anomalies can be placed in the praper historical context.
Real-time daily analyses for the U. 8. and South America are available at the URL:

http://www.cpc.ncep.noaa.gov/products,/precip /realtime,

The daily precipitation reanalysis for the U. 8. is based on a Unified Raingauge Data set (URD)
(Higgins et al., 2000). The hourly precipitation reanalysis is documented in Higgins et al. (1996).

5.2 Safellite-derived rainfall estimates

The Global Precipitation Climatology Project (GPCP) produces a 19 x 1° daily analysis of
global precipitation that is based solely on satellite-derived precipitation estimates from sun S¥Ii-
chronous microwave (SSM/I) data and geosynchronous infra-red {IR) data. Rainfall analyses an
a 2.5° x 2.5° grid, in which rain gauge and satellite estimates are merged, are also available for
1979-present on monthly and pentad time scales. Although the spatial and temporal scales of
these data sets are relatively coarse, their availability over a 20+ year period is useful for studies
of interannual variability.

The Office of Research and Applications, NOAA/NESDIS has developed operational and ex-
perimental pixel scale resolution precipitation estimates. An IR technique (Vicente et al., 1998) is
currently run operationally in real time for the continental U. S. with estimates made for other
areas nythe world as well. A host of precipitation-related products, some operational and some
experimental, are presently available from NOAA /NESDIS.

The CPC Merged Analysis of Precipitation (CMAP) is a technique that was developed and
implemented at CPC to produce monthly and pentad global precipitation analyses at 2.5% = 2,59
spatial resolution by blending rain gauge ohservations with various satellite estimates of precipi-
tation using inverse error weighting for the 1979 to present period (Xie and Arkin, 1996 1998).

At least two aspects of the satellite-based rainfall products are of utility to studies of the NAMS.
First, they provide spatially and temporally complete estimates of precipitation over the East Pa-
cific, Gulf of California, and Intra- Americas Sea region, Secondly, the satellite estimates (perhaps
even the IR data alone) can provide a means of quality control for raingauge data. Simple com-
parisons of time and space co-locations of IR and raingauge information can be used, for example,
to diseard non-zero raingauge reports when the satellite data suggest that clouds are absent.

6. Future challenges

Despite significant advances in our understanding of the NAMS and its variability, many challenges
remain. The climate community has not been very successful in extending our knowledge of the
monsoon to improved predietion of warm season precipitation. It is instructive to review some
of the outstanding science questions associated with gaps in our understanding of the NAMS.
Field studies that would target these gaps, and result in the improved understanding necessary to
advance warim season precipitation prediction must be undertaken.
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§i.1 Core monsoon region

At the local scale, the focus should be on aspects of the low-level circulation and precipitation
patterns in the core monsoon region (the inner box on Fig. 12). Principal research questions include:

(1) How is the coupling befween the seq breeze / land breeze and mountain / valley circulations
along the Gulf of California related to the diurnal cycle of moisture and convection?

(2) What are the dominant sources of precipitable moisture for monsoon precipitation?

(%) What are the relative roles of local variations in sea surfoce temperafure and lond-surface
parameters (topoagraphy, soil moisture and vegetation cover) in modulating precipitation?

The large-scale coupling between the low-level circulations along the Gulf of California and
along the western slopes of the Sierra Madre Occidental is intimately related to the diurnal cyecle
of moisture and convection (Fig. 11 shows a schematic representation). The amplitude of the
diurnal cycle is regime dependent, so it is important to understand the nature of the relationship
between the diurnal cycle and the seasonally varying atmospheric circulation and precipitation
patterns. The core monsoon region is uniquely suited for studies of the role of the diurnal cyele
because it is a region where the amplitude of the diurnal cycle far exceeds the amplitude of the
annual cycle.

The diurnal cycle and related processes and feedbacks are poorly represented in models (both
mesoscale and global). This is true not only over the core monscon region, but also at most

locations over North America during the warm season (e.g., the southeastern U. 8.). Although
indirect estimates of many of the low-level circulation features are provided by satellite remote
sensing techniques (e.g., cloud-track winds and the diurnal eyele of cloud cover), these analyses have
deficiencies and require calibration. Better documentation of the horizontal and vertical structure
of these circulation features and their relationships to convection is critical.

High resolution madels and analyses are required to examine the different atmospheric pathways
for meisture onto the NAMS domain from the Gulf of Mexico and the Pacific/Gulf of California.
Characterization of deep convection will play an important role in the vertical transport of moisture
that facilitates long distance transport of water deep into the continent. Additional studies using
high-resolution mesoscale models and analyses are needed to describe linkages between the sea
breeze/land breeze phenomenon and the intense afternoon and evening precipitation along the
west slopes of the Sierra Madre Occidental and the morning precipitation near the coastline and
over the Gulf of California. Modeling studies of the diurnal cycle of convection are also required,
particularly to determine the effects of model resolution and changes in physical parameterizations
on precipitation in the core monsoon region,

Modeling studies with various combinations of the relevant boundary forcing parameters are
required to determine the relative contributions of Gulf of California S5T's, soil moisture and vege-
tation to warm season precipitation variability in the core monsoon region. Studies with stand alone
hydrological models, using observed and model-caleulated forcing, are also required to investigate
the influence of topography-dependent precipitation on the hydrological response of watersheds.
Multi-member ensemble experiments with high-resolution regional coupled models are also needed
for areas with marked topography to calculate topography-dependent precipitation probability
distribution functions (PDFs) for validation against observed PDFs,

At present, we know relatively little about land surface conditions and fluxes over most of the
MNAMS region [Arizona and New Mexico are the exception,-although the data are still relatively
sparse). Measurements of latent /sensible heat flux and net radiation at strategically located towers
would Ipmvide the critical information needed to understand how the land surface state evolves
throughout the monsoon season. The surface Aux data would provide important ground truth for
more spatially extensive satellite estimates. Much of the NAMS domain is characterized by a het-
erogeneous, highly variable terrain and vegetation. For example, there are many densely vegetated
ribbons along rivers { 1 km wide in some places) that may account for a substantial fraction of the
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evapotranspiration of the re%iﬂn. Characterizing the surface fluxes here is challenging, but critical,
for understanding and simulating the hydrologic eycle in southwestern North America.

Improvements in satellite-based characterization of soils and vegetation and associated estimates
of sensible and latent heat fluxes are needed in order to derive comprehensive estimates of land
surface characteristics. Many operational satellite data products are limited in spatial resolution.
New satellite instruments, such as ASTER on EOS-AM]I, promise higher spatial resolution {order
10s of meters), which will be important for characterization of hydrological parameters in areas of
sharp gradients, e.g., river valleys and mountainous regions.

6.2 Hegional-scale

On the regional scale (middle box of Fig. 121} emphasis must be placed on an improved description
and understanding of intraseasonal aspects of the monsoon. Some questions involving key features
and relationships at this scale include:

(1) What are the roles of the Great Plains low level jet (GPLLJ) and the Gulf of California low
level jet (GCLLJ) in the summer precipitation and hydrology of the region?

(2) What are the mechanisms, including atmospheric dynamic, thermodynamic, and lend and
ocean surface influences responsible for the GPLLT and GOLLJT and their moduletion on seasonal-
fo-interannual times scales?

(%) How important are interactions between tropical easterly waves, the LLJ's and moisture surges?

(4) What is the nature of the relationship between the MJO, tropical eyclone activity and monsoon
precipitation?

(5) What is the role of the intertropical convergence zone/cold tongue compler and the warm pool
region to the southwest of Mezico?

(6) What is the physical setting for the bimodal distribution (i.e., wet-dry-wet) in warm season
precipitation over Mexico and Central America and what factors influence its interannual variabil-

ity ¥

The GPLLJ plays a critical role in the summer precipitation and hydrology of the central U.5.
while the GCLLJ contributes to the summer precipitation and hydrology in the southwestern U.S.
and Mexico (Fig. 11). Developing a better understanding of beth of these jots and their possible
interactions is critical to a better understanding of the summer precipitation and hydrology within
the NAMS domain.

The GPLLJ transports considerable moisture from the Gulf of Mexico and eastern Mexico into
the central U.S. It is influenced by various factors including large-scale dynamics, the strength and
size of the energy sources over the Gulf of Mexico and the Intra-Americas Sea, and land surface
effects, including vertical motion induced by topography, elevated heat source and dynamic effects
over the Rocky Mountains, radiation balances on the land, and temperature contrasts between
the land and the Gulf of Mexico. The diabatic effects of land in this regional circulation must
be understood and modeled. For example, nocturnal dynamic and thermodynamic factors may
be mutually reinforcing, thus contributing to the strength of the moisture convergence into the
Mississippi River Basin during the night and early morning.

The GCLLJ is inextricably linked to tropical easterly waves and Gulf of California moisture
surge events that play a critical role in the intraseasonal variability of the monsoon along the west
coast of Mexico and in the southwestern U.S. Most of the moisture in the lower troposphere (below
850-hPa) over the southwestern U.S. (west of the continental divide) arrives with the GCLLJ, while
most of the moisture at higher levels arrives from over the Gulf of Mexico. Difficulties in explaining
the observed precipitation distribution and its timing have been due, in part, to the fact that Baja
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Fig. 11. Schematic vertical (longitude-pressure) cross section through the North American Monsoon System at 27.5
*N. Topography data was nsed to establish the horizontal scale and NCEP/NCAR reanalysis wind and divergence
fields were used to establish the vertical circulations.

California and the Gulf of California have not been properly resolved in models and reanalyses in
the past.

Observational and modeling studies of tropical easterly waves, moisture surges and their in-
teractions are needed, for these disturbances appear to have a significant influence on monsoon
rainfall over a season. Diagnostic studies are needed to examine the structure of the tropical east-
erly waves and gull surge events, their frequency of oceurrence, and the temporal evolution of the
associated moisture transport. An important goal is to gather sufficient data to determine whether
gulf surges enhance rainfall in the mean, or simply adjust the rainfall distribution. In order to be
useful, models must reproduce the common weather characteristics of these disturbances (e.g., in
the case of the moisture surges, a rise in dewpoint temperature, a deecrease in diurnal temperature
range, an increased southerly wind component, and increased cloudiness and precipitation) which
can be validated against in situ and satellite remote sensing data.

The intraseasonal wvariability of monscon precipitation over the region is also related to the
eastward progression of intraseasonal oscillations (such as the MJO) around the global tropics.
Of tremendous practical significance is the fact that there is a*coherent relationship between the
phase of the MJO and the points of origin of tropical cyclones in the western Pacific, eastern
Pacific and Atlantic basins, suggesting that the MJO modulates this activity. Additional studies
are needed to determine how the phase of the MJO relates to the frequency and intensity of
hurricanes and tropical storms, what fraction of the summer rainfall over the Americas is due
to tropical storms and hurricanes and whether interannual-to-interdecadal variability of the MJO
contributes to tropical cyelone frequency and intensity, Recent studies by Slingo et af. (1993) and
others have performed detailed comparisons of the ability of GCMs to simulate the MJO, The
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large differences between GCMs found in these studies highlight the difficulty we face in obtaining
realistic simulations of tropical low-frequency variability.

While ENSO-related impacts on the NAMS are reasonably well documented, MIO-related im-
pacts on the NAMS and the relative influences of the MJO and ENSO are not well understood.
Thus, it is also important to determine the relationships between the MJQ, ENSO, and monsoon
precipitation. This includes investigations of the regional dependence of ENSO-related and MJO-
related impacts on summer rainfall, in particular to determine under what circumstances these
impacts are in the same (opposite) sense. Statistical relationships between these phenomena and
weather extremes (e.g., floods, droughts, heat waves) should be examined to obtain detailed in-
formation on their climatic signatures. This includes studies of the role of Pacific tropical storms,
which can contribute a major fraction of annual rainfall to inland areas of Mexico and the south-
western U.S. (in a manner analogous to the Bengal and Arabian cyclones in the Indian monscon),

Diagnostic and modeling studies are required to investigate the role of the ITCZ fcold-tongue
complex and the warm pool off the west coast of southern Mexico and Central America in warm
season precipitation variability over the monsocon region. Of particular interest is the evolution of
the midsummer drought and the pronounced double peak structure in summer precipitation over
Mexico and Central America (Fig. 4). New in situ and satellite data sets from the Eastern Pacific
Investigation of Climate (EPIC) Project will provide an opportunity to understand and improve
the simulation of relationships between 55T, surface wind stress, precipitation and cloudiness over
the eastern Pacific region.

6.8 Continental-scale monsoon

At the continental scale (outer box on Fig. 12), the focus should be on an improved description
and understanding of the spatial and temporal linkages between warm season precipitation, circu-
lation patterns, and the dominant boundary forcing parameters (both land and ocean). Some key
scientific questions are:

(1) How is the evolution of warm season precipitation over North America related to the seasonal
evolution of the surface boundary conditions?

(2) What are the relationships between inferannual variations in these boundary conditions, the
atmospheric circulation and the continental hydrologic regime?

{3) What is the correlation between the anomaly-sustaining atmospheric circulation and the land
and ocean surface boundary conditions thal characterize precipitation and temperature anomalies
during the summer?

{4) What are the dynamical links between the strength of the summer monsoon in southwesiern
North America and summertime precipitation over the central §f, 8.7

(&) What are the relationships between the statistical frequency end mognitude of extreme events

fe.g., ;iund's_. droughts, hurricanes) and climate variability on introseasonal-to-interannual time
seales’

The land and ocean surface memory components of the climate system evolve more slowly than
the individual precipitation-producing circulation systems and are to some degree predictable in
their own right. Prospects for improved seasonal-to-interannual prediction hinge on the inherent
predictability of the system, and our ability to quantify the initial states and forecast the evalution
of the surface forcing variables (i.e., 55T, vegetation and soil moisture).

Empirical and modeling studies that enhance our dynamical understanding of the seasonal march
of the monsoon and its variability are critical. An important prerequisite is to gather sufficient data
to accurately describe the life cycle of the monsoon. Additional analyses of existing in situ data
and satellite remote sensing data sets are required to investigate statistical relationships with
boundary forcing parameters and to examine the interannual variability of such relationships.
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Fig. 12. Schematic illustrating the multi-tiered approach of the North American Monsoon Expeciment (NAME),
The schematic also shows mean (July-September 1979-1995) 925-hPa vector wind and merged satellite estimates
and raingauge observations of precipitation (shading) in millimeters. Circulation data are taken from the NCER/
NCAR reanalysis archive.

This includes studies that elucidate how the relative importance of the land and ocean influences
on North American precipitation change with the seasons. Statistical studies are also needed to
search for predietability between observed boundary forcing anomalies and subsequent circulation
and precipitation anomalies.

The influence of tropical SST anomalies on North American climate is statistically most obvious
during the cold season, but warm season correlations between SST and continental-scale precip-
itation are at least marginal. The climate system exhibits some simplicity in the form of a few
phenomena that are the building blocks to progress in climate forecasting. The El Nifin/ Southern
Oscillation (ENSQO) phenomenon is the major source and best understood of these. Climate re-
search has identified several additional oceanic and atmospheric phenomena that establish global
climate patterns, including the Pacific Decadal Oscillation (PDO), and the MJO. The PDO, like
ENSQ, can cause systematic changes in the large-scale circulation patterns that lead to regional
changes in the number and intensity of storms. The MJO, when it is active, dramatically increases
the intraseasonal variability in the tropics and subtropics. The relative influences of these modes
of variability, or others not yet identified, on the warm season precipitation regime over North
America are not well understood.

The relative importance of the land and oeean influences on North American precipitation and
surface evapotranspiration is large and varies greatly with the seasons. The influence of the land
surface is strongest during the warm season, when the continents are warmer than the surrounding
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oceans and surface evaporation is large and varies greatly as a function of terrain and vegetative
cover, It should be noted that the influence of S5T ancmalies on cold season precipitation can
indirectly affect warm season rainfall, since they play a role in determining the initial springtime
s0il moisture conditions and vegetative cover, which in turn can feed back upon the climate during
the warm months through their influence on surface air temperature and evapotranspiration.

There is persuasive evidence that potentially predictable anomalies of so0il moisture, snow cover
and vegetation may play an important role in the seasonal variability of North American warm sea-
son precipitation patterns. Because these land surface anomalies are themselves largely determined
by fluctuations of precipitation, it has been supgested that there are important feedbacks hetween
the atmosphere and land surface that can be either positive (in which case climate anomalies are
self-sustaining) or negative (self-suppressing). Diagnosis of these feedback pathways will require
significant advanees in the quality of observations and modeling of the NAMS domain.

The complex terrain and semi-arid conditions of southwestern North America stand in stark
contrast to the Mississippi Valley, which was the focus of the GEWEX Continental-scale Interna-
ticnal Project (GCIP). For example, in the southwest lush natural vegetation exists primarily in
narrow strips along the banks of rivers in the middle of arid deserts. A proper characterization of
large-scale evapotranspiration must somehow resolve these one-dimensional ribbons of vegetation,
which can be much narrower than the typical footprint of an AVHRR-based vegetation scene.

Soil moisture also varies much differently in the arid NAMS domain compared with the more
mesic GCIP region. Soil type and vegetation cover depend strongly on the surface elevation and
slope aspect, both of which are tremendously variable over short distances in regions of com-
plex terrain. Runoff is highly channelized. The short duration of most warm season precipitation
episodes, combined with intense solar radiation, make for intense but short-lived episodes of surface
evaporation following rainstorms.

Coupled ocean-atmosphere-land modeling and predictability studies are needed to determine
the extent to which links between the summer monsoon in southwestern North America and
summertime precipitation in the Great Plains of the U. 5. have predictive value at the seasonal
time scale. This includes studies of links between the stren%th of the summer monsoon and major
flood (drought) episodes over the central U. 5. A critical aspect of this problem is the extent
to which energy sources over the Gulf of Mexico / Intra-Americas Sea are related to the Great
Plains low-level jet and its variability. Numerical experiments using coupled models with specified
observed boundary conditions (e.g., observed S5T's over the Gulf of Mexico / Intra-Americas Sea;
soil moisture over the Great Plains) are required to investigate whether models can reproduce
statistically significant predictive relationships. Multi-member ensemble integrations with high-
resolution coupled models, with and without interactive boundary forcing, are needed to determine
the relative sensitivity of the models to changes in 55T -vs- land memeory processes.

The American Southwest is characterized by complex terrain and correspondingly sharp gra-
dients in vegetation, and warm season precipitation in this region results principally from deep
convective thunderstorms. These features of the warm season precipitation regime motivate the
need for improved high-resolution modeling. For assessments of predictability, it will be important
to ascertain the extent to which the large-scale anomalies that are the customary focus of seasonal
predictive efforts are expressed on the smaller scales of importance for land surface hydrology. Skill-
I"l|11 downscaling of climate anomalies will be a necessary component of useful seasonal forecasts in
this region.

It is increasingly clear that a better understanding of the linkages between weather and climate
is needed since many decision making processes are directly tied to weather “events”. It is the yet
largely unexplained relationships between extreme weather events, climate variability, and long-
term trends that are likely to have the most direct impacts on society. A better understanding of
these relationships will only come from additional diagnostic studies and numerical experimentation
that determine how the leading patterns of climate variability regulate the numbers of daily weather
ertremes, how changes in daily weather extremes are related to long-term trends, and how climate
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variebility is related to long-ferm trends. Such studies will help to focus attention on the physical
phenomena that climate variability and climate change models must be able to simulate in order
to be deemed credible for use in weather and climate forecasts and assessments.

Prediction of the detailed distribution of continental precipitation is a challenging task since it
requires the skillful modeling of the subtle interplay between land surface and oceanic influences
such as the complicating influences of terrain and coastal geometry. While resolution of global
models continues to increase with enhancements in computational capability, there is also a need
for higher resolution mesoscale models and multi-year assimilated data sets to address the issues
above. Previous efforts of CLIVAR (eg., PACS) and GEWEX (eg., GCIP) provide a strong
foundation for these studies and offer tremendous opportunities for coordination and collaboration.
Sufficient observational data are needed to clearly distinguish between the models. Thisis a primary
motivation for the North American Monsoon Experiment (NAME) field campaign (section 6.4).

6.4 The North American Monsoon Erperiment (NAME)

State-of-the-art climate models do not accurately represent the spatial distribution and tempo-
ral variability of warm season precipitation over North America. There are many processes and
feedbacks operating within the atmosphere, at the surface, and below the surface that are not
represented in the models. These deficiencies are the motivation for the North American Monsoon
Experiment (NAME), an internationally coordinated, joint CLIVAR-GEWEX process study aimed
at determining the sources and limits of predictability of warm season precipitation over North
America, with emphasis on time scales ranging from seasonal-to-interannual. Tt focuses on ob-
serving and understanding the key components of the North American monsoon system and their
variability within the context of the evolving land surface- atmosphere-ocean annual cycle. Tt seeks
improved understanding of the key physical processes that must be parameterized for improved
simulation with dynamical models. NAME employs a multi-scale (tiered) approach with focused
monitoring, diagnostic and modeling activities in the core monsoon region, on the regional-scale
and on the continental-scale (Fig. 12).

The scientific objectives of NAME are to promote a better understanding and more realistic
simulation of:

(1) The evolution of the North American monsoon sysiem and its variability:

(&) The response of the warm season atmospheric circulation and precipitation patterns over North
America to slowly varying, polentially predictable surfoce boundary conditions [e.g., SST. soil
moisture and vegetation);

(3) Warm season convective processes in complex coastal lerrain;
{4) The diurnal heating cycle and its relotionship to the seasonally varying mean climate;
{5) Infraseasonal variabilily of the monsoon.

In addition to these scientific objectives, NAME researchers will interact with applications,
assessment, and human dimensions researchers on the potential use of NAME science by end-
USErs.

To achieve these objectives, planning has proceeded with the intent of developing:

(1) Empirical and modeling studies plus data set development and enhanced monitoring activities
that carry on some elements of the existing PACS program and the PACS/GAPP Warm Season

Precipitation Initiative (2000 onward), inilinte new elements, and provide the spatinl and temporal
context for NAME,

(2) Field activities in the core region of the North American monsoon during the summer of 2004,
including build-up, field, analysis and modeling phases (2003-2008);
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(3) Strong links between the VAMOS element of CLIVAR, U.5. CLIVAR Pan American research,
and the GEWEX America Frediction Project (GAPP).

In addition to significant improvements in short-term climate prediction, NAME will lead to
Joint international experience with Mesxican and Central American scientists in the exploitation of
in situ and satellite data, advancements in high-resolution climate models, advancerments in the
development of the climate observing system, and the production of consistent climate data sets
over the Americas.

NAME is part of the CLIVAR/VAMOS program, U.S. CLIVAR Pan American research, and
the GEWEX Americas Prediction Project (GAPP). As such it will enjoy synergy with many
other programs, ongoing and planned, including MESA, SALLJEX, EPIC, GAPP, and CEQOP.
NAME objectives are closely linked with those of the PACS/GGAPP Warm Season Precipitation
Initiative, in particular through mutual interest on understanding the mechanisms associated with
warm season rainfall and its potential predictability. NAME v.'ﬁ] also contribute to the goals of
the U.5. Global Water Cycle Initiative, by addressing questions specific to that initiative, namely
“What are the underlying causes of variations in the water cycle on both global and regional
scales?” and “To what extent are variations in the global and regional water eyeles predictable?”.

All NAME activities, including complete documentation on the project, are available on the
NAME Homepage: http://www.joss.ucar.edu/name
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ALLS: American Low-Level Jets

AMIP: Atmospheric Model Intercomparison Project
AO: Aretic Oscillation

ASIMET: Air Sea Interaction - METeorology

COM: Community Climate Maodel

CDC: Climate Diagnostics Center

CEQP: Coordinated Enhanced Observing Period
CLIVAR: Climate Variability, a WCRP research program
CLLJ: Caribbean Low-Level Jet

CMAN; Coastal-Marine Automated Network

COADS: Coupled Ocean-Atmosphere Data Set

COMPS; Coastal Ocean Monitoring and Prediction System
CPC: Climate Prediction Center

ECMWEF: European Center for Medium Range Weather Forecasts
EDAS: Eta-model Data Assimilation Systerm
EMVER-93: Experimento Meteorologico del Verans de 1993
ENSO: El Nifio Southern Oscillation

EOP: Enhanced Observing FPeriod

EPIC: Eastern Pacific Investigation of Climate

ERS: European Remote Sensing Satellites

GAPP: GEWEX Americas Prediction Project

GCIF: GEWEX Continental-Scale International Project
GOM: General Circulation Model

GEWEX: Global Energy and Water Experiment

GOES: Geostationary Operational Environmental Satellite
GPLLJ: Great Plains Low-Level Jet

GPs: Global Positioning System

[AS: Intra-Americas Sea

[OP: Intensive Observing Period

ITCZ: Inter Tropical Convergence Zone

IPST: International Project Support Tearn

IR: Infrared

IRI: Internaticnal Research Institute

LIMAS: Land Data Assimilation System

MCC: Mesoscale Convective Complex

MCS: Mesoscale Convective System

MESA: Monsoon Experiment South America

MJIO: Madden-Julian Oscillation

NAME: North American Monsoon Experiment

NAMS: North American Monsoon System

NAO: Morth Atlantic Oscillation

NASA: National Aecronautics and Space Administration

NCAR: Mational Center for Atmospheric Research



NCDC:
NCEP:
NDBC:
NOAA:
NVAP:
NSF:
OGE:
PACS:

PACS-30NET:

PDF:
PDO:
P5T:
QSCAT:
RASS:
RMM:
RPV:
SEAKEYS:
SLP:
ShI0:
S5MI:
55T:
55TA:
SWANMP-90;
SWG:
TEW:
TOVS:
TRMM:
UHIEF:
VAMOS:
VEPIC:
VOS:
WIS:
WHWP:
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List of acronyms {continued)

Mational Climatic Data Center

National Centers [or Environmental Prediction
National Data Buoy Center

Mational Oceanic and Atmospheric Administration
MNASA Water Vapor Project

National Science Foundation

Office of Global Programs

Pan American Climate Studies

Pan American Climate Studies Sounding Network
Probability Density Function

Pacific Decadal Oscillation

Project Science Team

MNASA’s Quick Scatterometer

Radio Acoustic Sounding

Regional Mesoscale Model

Remotely Piloted Vehicle

Sustained Ecological Research Related to Management of Florida Koys Seascape
Sea-Level Pressure

Sierra hMadre Occidental

Special Sensor Microwave Imager

Sea Surface Temperature

Sea Surface Temperature Anomalies
Southwestern American Monsoon Project 19090
Secience Working Group

Trapical Basterly Wave

TIROS Operational Vertical Sounder

Tropical Rainfall Measuring Mission

Ultrahigh Frequency

Variability of the American Monsoon System, an element of CLIVAR
VAMOS/EPIC

Voluntary Observation Ships

West Florida Shelf

Western Hemisphere Warm Pool



