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ABSTRACT 

The origins and transport of water vapor into the semi-arid Sonoran Desert re

gion of southwestern North America are examined for the July-August wet season. 

Vertically-integrated fluxes and flux divergences of water vapor are computed for 

the 8 summers, 1985-1992, from ECMWF mandatory-level analyses possessing a 

spectral resolution of triangular 106 (T106). The intraseasonal variability of wa

ter vapor transports are also examined. Composite wet and dry periods defined 

from rain gauge data for southeast Arizona, are compared. Cloud top tempera

ture (CCT), wind, specific humidity, precipitable water (PW), convective indices, 

moisture flux, and parcel trajectories are all examined. 

The ECMWF analyses indicate that transports of water vapor by the time-mean 

flow dominate the transports by the transient eddies. Climatologically, upper-level 

(above 700 mb) moisture over the Sonoran Desert arrives from over the Gulf of 

Mexico and the northern fringe of the moist air mass over western Mexico, while 

at low-levels (below 700 mb) the water vapor comes predominantly from over the 

northern Gulf of California. There is no indication of moisture entering the Sonoran 

Desert at low-levels directly from the southern Gulf of California or the tropical East 

Pacific. Water vapor from these regions can enter the Sonoran Desert aloft after 

vertical mixing along the western slopes of the Sierra Madre Occidental mountains 

of Mexico and subsequent horizontal transport aloft. 

Significant differences exist between wet and dry conditions over the Sonoran 

Desert for all fields considered. As the monsoon shifts from dry to wet conditions, 

the subtropical ridge shifts _5° latitude toward the north, and precipitable water 

increases by as much as -1.2 cm (-0.5 inches). Parcels in the middle troposphere 

ascend into the region from the southeast, and the atmosphere becomes more un-
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stable. The result is a significant increase in the frequency of deep convection, as 

determined from CTT < -38°C. 

During both monsoon regimes, most of the water vapor entering the Sonoran 

Desert at low-levels (below 700 mb) arrives from over the northern and central 

Gulf of California, with a slightly greater flux into the region occurring during the 

dry phase. Above 700 mb, moisture transported into the Sonoran Desert during 

both regimes is a mixture of water vapor from over the Gulf of Mexico and Gulf 

of California, and from residual convective inputs over the Sierra Madre Occidental 

mountains of Mexico. During wet periods, however, a longer fetch through the moist 

air mass above western Mexico results in a greater moisture flux into the Sonoran 

Desert aloft. Less water vapor from over the Gulf of Mexico flows into western 

Mexico and the Sonoran Desert under'wet conditions than during dry phases, both 

above and below 700 mb. 
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Chapter 1 

INTRODUCTION 

1.1 Overview of the Problem 

The North American Summer Monsoon refers to the summertime rainy season 

in northwest Mexico, Arizona, and New Mexico. Typically extending from July 

through August, it marks a period when the time-mean mid-tropospheric (700 -

500 mb1 ) flow shifts from west-northwest to south-southeast as the North Pacific 

High builds off the West Coast of North America and the Atlantic Bermuda High 

thrusts northwestward into the region. Concurrently, the desert environment is 

transformed into a more tropical one with higher humidity and a greater frequency 

of convective rainfall. The wet regime is not constant, however. In a typical sum

mer the atmosphere undergoes several oscillations between hot, dry conditions with 

little rainfall, and slightly cooler, more humid environments with frequent afternoon 

thundershowers. Despite the daily inconsistency, precipitation during the summer 

monsoon accounts for as much as 70% of annual rainfall in northwest Mexico, de

creasing northward to 30-60% in Arizona and New Mexico (Douglas et al.1993). 

The importance of this precipitation to the regional water balance cannot be under

stated. As such, efforts have been made to determine the origins of this moisture 

1 millibar 
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and the means by which it is transported into the Desert Southwest2 • 

Considering the regional distribution of land/sea. boundaries, the upper-level 

wind shift and subsequent rainfall convinced some early researchers that monsoon 

moisture originated over the Gulf of Mexico and was transported into the region by 

the Bermuda High. Based on the poleward movement of the summertime upper

level anticyclone3 from northern Mexico in June to the southern United States in 

July and August, Reed (1933) was the first to suggested that moisture was advected 

into the greater Sonoran Desert from the east, or direction of the Gulf of Mexico. 

Bryson and Lowry (1955) drew the same conclusion from their study of 500 mb 

height fields. 

Contradictory evidence was presented by Benton and Estoque (1954). Although 

not explicitly discussed, their analysis of the water vapor flux over North America 

suggested that moisture west of the southern Rocky Mountains originates from the 

East Pacific or Gulf of California, not from the Gulf of Mexico. Stronger evidence 

for a Pacific source arose from a two year study of the water vapor transport over 

the North American continent, Gulf of Mexico, and Caribbean Sea by Rasmusson 

(1967). This research showed that moisture east of the southern Rockies clearly 

originates over the Gulf of Mexico/Caribbean Sea, while water vapor to the west 

appears to originate over the Gulf of California. In both studies, however, the issue 

was not resolved as neither analysis extended over Mexico. 

A mechanism explaining the southerly moisture flux from the Gulf of California 

into the Sonoran Desert was presented by Hales (1972, 1974). He proposed that 

water vapor over Arizona and northwest Sonora comes in the form of short-lived, 

2 A map of geographical regions referred to throughout this dissertation can be found in Ap
pendix A, Figure A.I. 

3The Bermuda High, subtropical ridge, and upper-level anticyclone are used interchangeably 
to refer to the time-mean, mid-tropospheric anticyclone observed over the region in the summer. 
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low-level moisture surges along the Gulf of California from the southern Gulf or 

tropical East Pacific regions. Brenner (1974) concurred, adding that these events 

were independent of the large-scale circulation. Both Hales and Brenner expressed 

skepticism that Gulf of Mexico moisture could pass over the Mexican Highlands and 

still make significant contributions to the precipitable water over the greater Sonoran 

Desert. Sellers and Hill (1974), on the other hand, maintained that summertime 

moisture comes primarily from the Gulf of Mexico. 

Following these works a lull in research regarding the origins of monsoonal mon

soonal moisture occurred. Not until 1986 did the issue resurface. At this time 

Carleton re-emphasized the importance of the subtropical ridge as a mechanism for 

transporting water vapor westward from the Gulf of Mexico. He also argued that 

both the Gulf of Mexico and the Gulf of California were moisture sources for the 

Desert Southwest. This opinion was based on correlations between stability indices, 

derived from radiosonde observations, on opposite sides of the Mexican Plateau. It 

was not clear, however, how this indicated that both Atlantic and Pacific sources 

contributed to the moisture field over the greater Sonoran Desert. 

In their analysis of the water vapor flux over the Tropical Americas during May

August 1979, Reyes and Cadet (1986, 1988) expanded the role of the Gulf of Califor

nia and tropical East Pacific as low-level moisture sources for the Sonoran Desert. 

Along with supporting the previous hypotheses, they felt that Gulf of California. 

and tropical East Pacific water vapor could also make contributions at upper levels 

following convective mixing along the western slopes of the Sierra Madre Occidental. 

This was the first time that the persistent convective a.ctivity over western Mexico 

was incorporated as a viable transport mechanism. Furthermore, they were the first 

theorize and advocate both Atlantic and Pacific moisture sources and the coupling 

of the two through convective transport. 
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More recent results from special field programs have provided further evidence 

for a low-level water vapor :flux into the Sonoran Desert from the Gulf of California 

(Badan-Dangon et al. , 1991; Douglas et al. 1993). Contrary to the short lived surges 

of Hales (1972, 1974) and Brenner (1974), these studies portrayed a. more persistent 

transport by the time-mean wind. Douglas et al. (1993) also point out that drier 

air is present aloft over the Gulf of Mexico than over western Mexico and suggest 

that drier, not moister, air is advected westward across the Mexican Plateau by the 

Bermuda High (Douglas et al.1993). This effectively ignores the forced ascent of 

low-level Gulf of Mexico moisture over the Mexican Plateau, however. 

In consideration of prior research it is clear that two fundamental issues remain 

unresolved: 

1. The relative importance of the Gulf of Mexico, the Gulf of California, and the 

Eastern Tropical Pacific as moisture sources for the Sonoran Desert, and 

2. The primary means by which moisture is transported into the region. 

The purpose of this dissertation is to ascertain the relative importance of each mois

ture source and mechanisms by which water vapor is transported into the Sonoran 

Desert region of Southwestern North America. In light of the percent of annual rain

fall realized during the summer monsoon, these issues are of more than academic 

interest. They also have operational implications if accurate seasonal precipitation 

forecasts and water usage requirements for the region are ever to be attained. 

To gain insight into these issues this dissertation will present a diagnostic study of 

the moisture :flux and water vapor balance for Southwestern North America and ad

jacent ocean environs for the July-August period, 1985-1992, using the uninitialized 

global analyses from the European Center for Medium Range Weather Forecasting 
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(ECMWF). Eight year climatological moisture flux and water vapor budgets for the 

July-August period are presented in Appendix A, and the intraseasonal variability 

of the water vapor flux is discussed in Appendix B. Due to uncertainties existing in 

the water vapor budgets derived from the ECMWF analyses no effort is made to 

access their intraseasonal variability. Although ECMWF analyses are the product of 

a modern day forecasting/data assimilation system it is shown in Appendix A and 

Appendix B that they provide an accurate representation of the regional climate. 

A brief discussion of each component of the study follows. 

1.2 Climatological Water Vapor Balance and Moisture Flux 

The eight-year, time-mean water vapor balance over southwestern North America 

and surrounding ocean environs is computed from the atmospheric branch of the 

hydrologic cycle. This procedure is out~ned in detail in Appendix A.I, and essen

tially operates on the theory that the terrestrial and atmospheric branches of the 

hydrologic cycle are connected through the net rate of evaporation (E) and precipi

tation (P) per unit area, or E - P, at the surface. In this regard, a moisture source 

for the atmosphere (E - P > 0) represents a water vapor sink for the surface, and 

conversely. 

Estimating E - P at the surface is accomplished by vertically integrating the 

horizontal moisture flux from the surface to the top of the atmosphere (200 mb in 

this study) and then computing its flux divergence. Water budgets are presented in 

this study to identify water vapor source and sink regions. The vector moisture flux 

is shown to illustrate the transport of water-vapor between source and sink regions. 

To better define the primary water vapor transport mechanisms, the horizontal 

moisture flux for the atmospheric layers above and below 700 mb is considered 
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together with the vertical transport connecting the two. This isobaric level was 

chosen because it is the closest to the highest terrain over Mexico, regarded by 

many as a formidable barrier to moisture transport from the Gulf of Mexico. It is 

also the first level at which the subtropical ridge becomes wholly distinguishable, 

and the level below which the Gulf Surge is typically confined. Thus, considering the 

horizontal moisture flux above and below 700 mb will provide insight not only into 

the role of the Bermuda High and the low-level winds over the Gulf of California as 

transport mechanisms, but also to the importance of the elevated terrain in Mexico. 

Analysis of the vertical flux will give an indication of the importance of convective 

or other subgrid-scale processes. 

To facilitate quantitative comparison of the moisture flux between source and 

sink regions, the regional domain will be broken up into five subregions and the net 

flux across each subregion boundary will be computed (see Fig A.I0). Comparing 

the net flux through each boundary provides a means for estimating the relative 

role of each moisture source and associated transport mechanism. Repeating this 

analysis for the atmosphere above and below 700 mb allows direct comparison of 

the importance of upper and lower-level moisture transports. Considering the area

averaged vertical flux through the 700 mb interface will illustrate the role convection 

plays in the redistribution of moisture throughout the domain. 

Using the atmospheric branch of the hydrologic cycle to estimate the water bal

ance is not unique to this analysis. Southwestern North America has been included 

in several global, hemispherical, and regional water vapor balance and transport 

studies. However, most were based on a single season or one year of data (Benton 

and Estoque 1954; Starr and Peixoto 1958; Starr et al. 1965; Reyes and Cadet 1988). 

Considering the interannual variability that characterizes this region (Carleton and 

Carpenter 1990), the representativeness of these must be questioned. 
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A few multi-year climatologies have also included the southwestern United States 

and Mexico, but these focused on the differences among the annual means (Rosen 

et al.1978). Even where winter and summertime regimes have been contrasted, 

June, July, and August conditions were averaged to represent the summer mean 

(Oort 1983; Peixoto and Oort 1992; Roads et al.1994). Because June conditions 

are so drastically different from those of July and August (Douglas et al.1993), 

its inclusion distorts the true monsoonal flow patterns, especially during the wet 

monsoon phase. Furthermore, all of these studies relied on RAOB data, which 

effectively ignores the adjacent ocean regions, or on gridded data having horizontal 

resolutions too coarse to sample the Gulf of California, a postulated moisture source 

for the Sonoran Desert. 

This work differs from these prior studies in that the water budgets and attendant 

moisture flux are computed only for the July-August, or peak monsoon period. It 

also uses data possessing higher spatial and/ or tempor~ resolution. Furthermore, 

this analysis is the first to attempt a differentiation between upper and lower level 

moisture transports by considering the climatolo'gical water vapor flux below 700 mb 

separately from that above 700 mb. The quantitative comparison of area-averaged 

horizontal and vertical moisture flux in this manner is also unique to this study. 

1.3 Intraseasonal Variability of the Moisture Flux 

The second aspect of this dissertation addresses the intraseasonal variability of the 

moisture flux over southwestern North America. This will focus on determining 

differences in the moisture flux during steady-state wet and dry monsoon phases. 

It is beyond the scope of this dissertation to determine why or how these changes 

may occur, they are presented here as a means for better defining the roles of each 
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moisture source and transport mechanism. 

For the purpose of comparing wet and dry monsoon regimes, each day of the 

analysis period is classified as either wet, dry, or transition, based on the number of 

stations reporting precipitation in southeast Arizona. The water vapor flux for each 

monsoon regime is computed in the same manner as the climatological moisture 

flux, but for wet and dry periods. As in the first part of the study, the horizontal 

transports above and below 700 mb, and the vertical flux between the two will 

be considered. Area-averaged moisture transport will also be considered, but for 

different subregions. Additional characteristics of the water vapor transport are 

brought out through computation of wet and dry period parcel trajectories using 

composite winds for each regime at the synoptic hours of 0000, 0600, 1200, and 

1800 UTC (Universal Time Clock). 

To date little research has been published on the intraseasonal variability of 

humidity and rainfall during the North American Summer Monsoon. It was first 

illustrated by Reed (1933) who showed a relationship between precipitation in the 

Desert Southwest and the position of the summertime upper-level anticyclone. Vari

ability of summertime rainfall was further illustrated by Bryson and Lowry (1955) 

using time series plots of the percentage of Arizona stations reporting at least a trace 

of rainfall during June and July. Reitan (1957) showed that the number of stations 

reporting precipitation in Arizona was strongly linked to the amount of precipitable 

water measured in Phoenix, while Hales (1972, 1974) and Brenner attributed the in

traseasonal variability of rainfall to low-level gulf surges, sporadic northward surges 

of moisture from the Gulf of California. 

Diagnostic studies of monsoon variability have since indicated the importance 

of mid-tropospheric moisture and the latitudinal position of the Subtropical Ridge. 

Three year surface and 500mb synoptic climatologies for wet and dry monsoon peri-
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ods, based on three-day moving averages of infrared cloudiness, indica.ted that ridge 

positions north of the sea.sonal mea.n resulted in increased total cloud cover and 

rainfall for the Sonoran Desert. The opposite wa.s true for southerly displacements 

(Carleton 1986; Carleton and Carpenter 1990). Watson et a/. (1994) reported sim

ilar results for monsoon burst and break composites based on daily lightning totals 

in Arizona. 

At the time of this analysis no studies have been found which presented and 

compared moisture flux climatologies for wet and dry monsoon regimes. Parcel 

trajectories over the region have never been considered in this context. The latter 

is largely due to a lack of data possessing adequate spatial and temporal resolution. 
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Chapter 2 

PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important 

findings in these papers. 

2.1 Climatological Water Vapor Balance and Moisture Flux 

In order to better understand the origins and transport of water vapor into the 

semi-arid Sonoran Desert, the first part of this dissertation examined the eight year 

climatological water vapor balance and moisture flux. This study is included as 

Appendix A. 

The water budgets computed from the atmospheric branch of the hydrologic cycle 

qualitatively agreed with prior works. Two of the largest source regions (E - P > 0) 

were found to be the Gulf of Mexico and the extratropical Pacific, west of the Baja 

peninsula. The Gulf of California was also indicated as a source region despite 

horizontal resolutions which cannot accurately resolve the region. 

Sink regions (E - P < 0) were found over the high terrain of Mexico, Arizona, and 

New Mexico, and also over the southwestern Gulf of Mexico extending northward 

along the coast. The strongest ~ux convergence was found over western Mexico, 

coinciding well with observed precipitation maxima. As with the Gulf of California, 
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flux convergence was indicated over Baja California despite resolution problems. 

Water vapor flux fields indicate that most of the moisture reaching the Sonoran 

Desert under mean conditions arrives below 700 mb from over the northern Gulf of 

California, with limited amounts also arriving from the Gulf of Mexico through the 

Sonoran Gapl. Low-level moisture from the southern Gulf of California and tropical 

East Pacific is not directly transported into the Sonoran Desert by the mean flow. 

Most of the water vapor carried into the Sonoran Desert above 700 mb originates 

over the Gulf of Mexico and within the northern fringe of the residual convective 

moisture over western Mexico. With its axis oriented east-west over southern Ari-

zona, the light east-southeasterly flow in the southwest quadrant of the subtropical 

ridge is responsible for transporting the upper-level moisture into the Sonoran Desert 

under mean conditions. Quantitatively, the single largest input mechanism for the 

atmosphere above 700 mb over Mexico is convection along the western slopes of the 

Sierra Madre Occidental, not the easterly flux from the Gulf of Mexico. However, 

under mean conditions the subtropical ridge carries the bulk of these inputs to the 

south and west of the Sonoran Desert. Only residual convective inputs north of 

",270 N are transported into northwest Mexico and Arizona. 

Although not directly serving the Sonoran Desert as low-level moisture sources, 

the southern Gulf of California and tropical East Pacific may indirectly provide 

water vapor to the region aloft. Since onshore low-level flow from the southern 

Gulf region helps fuel the persistent summertime convection over western Mexico, 

moisture from the southern Gulf of California and tropical East Pacific ultimately 

get deposited aloft. Once here it mixes with Gulf of Mexico moisture arriving from 

the east and begins a northwestward journey under the influence of the subtropical 

lThe Sonoran Gap is a depression in the topography which lies between the northernmost peaks 
of the Sierra Madre Occidental Range and the southern Rockies. Although not indicated on Figure 
A.I, it is located near the intersection of the Arizona, New Mexico, and Sonora borders. 
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ridge. If this moisture is injected above 700 mb north of _270 N it will move towards 

the extreme western portion of the Sonoran Desert. 

Comparison of the time-mean and eddy transports showed that the climatologi

cal moisture flux is clearly dominated by the time-mean flow (see Fig A.6). However, 

the eddy flux is responsible for taking moisture from the vicinity of the Sierra Madre 

Occidental and transporting it to the west. Over the northern Sierra Madre this re

sults in more water vapor entering the Sonoran Desert from the east. This pattern 

is evident in every season of the climatology, suggesting an intraseasonal oscilla

tion that is fixed to the mountains and affects a short-lived increase in moisture 

transported into the Sonoran Desert. 

2.2 Intraseasonal Variability 

In order to further document the origins and transport of water vapor into the 

semi-arid Sonoran Desert region, the second part of this dissertation examined the 

moisture flux for wet and dry monsoon periods. A Lagrangian perspective was also 

considered in which parcel tra.jectories were computed. This study is included as 

Appendix B. 

One of the more common observations of prior research has been the increase in 

relative humidities over the Sonoran Desert when the wet monsoon phase is in place. 

Comparison of wet and dry precipitable water fields bears this out. An increase of 

'" 1.2 cm (-0.5 inches) is found to occur over the Sonoran Desert. This is evenly 

distributed throughout the surface to 700 mb and the 700 mb to 200 mb layers. Due 

to terrain elevation effects, however, a more uniform increase occurs aloft, while 

the lower-level relative maxima is somewhat more localized and confined between 

the Mogollon Rim, the high terrain of northwest Mexico, and the northern Gulf of 
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California. 

As the atmosphere over the Sonoran Desert moistens it also becomes more un

stable. With average maximum surface temperatures being largely independent of 

monsoon regime, the higher wet period specific humidities produce an environment 

much more conducive to convection. Assuming atmospheric conditions above Tuc

son are representative of the Sonoran Desert (a crude assumption for the southwest

ern portion), wet and dry radiosonde composites show that dew point temperatures 

increase by _5° C at all isobaric levels up to 300 mb during the wet phase. Conse

quently, the dissipating effects of entrainment are reduced and lifting condensation 

levels fall almost 100 mb during this regime. Furthermore, no level of free convection 

exists for surface parcels during the dry phase meaning no convective energy is avail

able throughout these periods .. A fairly deep layer of positive buoyancy is present 

when the wet regime is in place. As a result, convective available potential energy 

is usually positive and the atmosphere more unstable over the Sonoran Desert. 

With a more moist and unstable atmosphere comes a greater frequency of con

vection over the Sonoran Desert. During dT7J periods convective activity is largely 

confined south _30° with a maximum over Sinaloa (see Fig B.ll). When wet con

ditions prevail, the frequency of convection is much higher over the Sonoran Desert, 

excluding the portion near the northern Gulf of California. Little change in convec

tive frequencies are observed over Sinaloa, however. 

Accompanying the increased humidity and rainfall observed during wet periods 

is a significant change in the position of the subtropical ridge. During dry conditions 

in the Sonoran Desert the ridge axis lies south of its mean position and is oriented 

along a southwest-to-northeast line through Sonora and the north-central Gulf of 

California. When the monsoon is in its wet phase, however, the upper-level anticy

clone is north of its mean position, _5° degrees latitude further north than during 
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the dry phase, and displays an east-west orientation across northern Arizona. This 

appears to be associated with a large scale change in the upper-level flow. 

The repositioning of the subtropical ridge between monsoon regimes has a signif

icant impact on the upper-level (above 700 mb) moisture flux. During dry periods 

the southward displaced ridge places the Sonoran Desert directly under a weak an

ticyclonic rotation. This brings upper-level moisture into the Sonoran Desert from 

the east, from the above Gulf of Mexico and from residua.! convective inputs above 

the northern Sierra Madre Occidental, and from the south, from over the north

ern Gulf of California, and slowly circulates it through the entire Sonoran Desert 

region. South of ",300 N, a broad region of easterly flux extends westward from 

central and western Mexico. It appears to transport any upper-level moisture over 

Mexico and the southern Gulf of California region towards the East Pacific, away 

from the Sonoran Desert. Consequently, it is difficult for any upper-level moisture 

south of ",270 N over Mexico and the adjoining Pacific to move northward into the 

Sonoran Desert under dry conditions. 

During wet regimes, the subtropical ridge is located much further north, and 

widespread southea.sterlies now dominate the upper-level transport over Mexico and 

the adjoining Pacific. Mid-tropospheric moisture streams into the Sonoran Desert 

from the southeast, bringing with it water vapor in the atmosphere above western 

Mexico. As during the dry phase, this moisture is a mixture of water vapor from 

the Gulf of Mexico and residual convective inputs over the Sierra Madre Occidental. 

However, under wet conditions the upper-level flow has a much longer fetch through 

the moist air mass over western Mexico than it does during dry periods. As a result, 

more moisture enters the Sonoran Desert aloft during wet periods making residual 

convective inputs over western Mexico a greater source for the region. On the other 

hand, water vapor above 700 mb over the Gulf of California and adjoining Pacific 
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are still transported away from the Sonora Desert. Upper-level moisture above the 

northern Gulf of California is routed through the extreme western portion of the 

regIon. 

As the shift to a southeasterly, upper-level flow regime over western Mexico pro

duces a greater moisture flux into the Sonoran Desert, a significant increase in the 

upward flux occurs over the Sonoran Desert (see Fig B.I5.c). During dry periods 

the maximum upward flux extends northward from the East Pacific Intertropical 

Convergence Zone (ITCZ) along the western foothills of Sierra Madre Occidental 

into eastern Sonora. A relative maxima is located over Sinaloa. During wet periods 

the maximum upward transport expands northward over New Mexico and the Sono

ran Desert, excluding northwest Sonora and southwest Arizona. Concurrently, the 

relative maximum moves northward over eastern Sonora. The additional upper-level 

moisture input over Sonora is in a position favorable for subsequent transport into 

Arizona and New Mexico by the mean wet period mid-tropospheric flow. 

Although differences between the wet and dry period upper-level horizontal mois

ture flux were fairly broad in areal extent, changes occurring within the low-level 

(below 700 mb) are more localized to the Gulf of California. Whereas no low-level 

moisture from over the southern Gulf, or tropical East Pacific region is transported 

directly into the Sonoran Desert during dry periods, a northward transport towards 

the Sonoran Desert is found along the entire length of the Gulf of California dur

ing wet periods. Thus more water vapor from this region flows inland towards 

the Sonoran Desert under wet monsoon conditions than dry. However, only low

level moisture from over the northern and central Gulf region appears to reach the 

Sonoran Desert directly, low-level water vapor from over the southern Gulf region 

reaches the Sonoran Desert at upper-levels, after convective mixing over western 

Mexico transports it aloft where the sup tropical ridge can carry it northward, if it 
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reaches the Sonoran Desert at all. 

Unlike the southern Gulf of California, however, moisture from over the central 

and northern Gulf of California is transported into the Sonoran Desert under both 

monsoon regimes. Only a subtle difference between the two is found. Under dry 

conditions, this transport has a greater westerly component and thus influences 

a greater areal percentage of the Sonoran Desert. During wet periods, however, 

the- westerly flux changes to southerly and the moisture transported out of the 

northern Gulf of California region is more focused into the western Sonoran Desert. 

Consequently, most of the low-level water vapor over the northern Sonoran Desert 

originates from over the northern Gulf of California. under both monsoon regimes, 

while the primary source for the southern Sonoran Desert depends on the phase. 

During dry periods it receives most of its moisture from above the northern Gulf of 

California., but during wet periods more comes from above the central Gulf region. 

As a whole, slightly more wa.ter va.por flows into the Sonoran Desert from above the 

northern and centra.l Gulf of California. region during dry periods. 

Wa.ter va.por from above the Gulf of Mexico is tra.nsported into western Mexico 

and the Sonora.n Desert under both monsoon regimes. However, less of this moisture 

crosses the Mexican Platea.u under wet conditions tha.n dry, both above and below 

700 mb. This is basically due to the greater southerly component in the winds aloft 

which effectively routes more water va.por to the north and less to the west during 

wet periods. Consequently, the role of the Gulf of Mexico as a moisture source for 

the Sonora.n Desert is reduced under the wet regime. 
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2.3 Regional Climate Simulation 

Since the TI06 ECMWF analyses possess inadequate horizontal resolutions for accu

rate representation of the Gulf of California, two climate simulations using a second 

generation, regional version (RegCM2) of the Pennsylvania State Mesoscale Model 

Version No.4 (MM4) were proposed as a means for better defining the role played 

by this Gulf during the North American Summer Monsoon. The first simulation 

was to be a 30 day control run over the period July 10 to August 9, 1990. A two 

week spin up period was used and the Gulf of California was left as it is normally 

represented by the model. The global analyses of the ECMWF were used for both 

initialization purposes and to provide lateral boundary conditions throughout the 

simulation. No special observations were used to initialize the model. The second 

simulation would be the same in all aspects except that the Gulf of California lan

duse categories would be set to desert. Comparison of the moisture flux fields and 

regional water balance computed for each simulation was expected to elucidate the 

role of the Gulf of California. 

Unfortunately, the control simulation went bad. Although the low-level temper

ature and moisture fields provide an accurate portrayal of the conditions observed 

during the period, the low-level wind field did not. As a critical component of the 

estimated evaporation from the Gulf of California and its subsequent redistribu

tion, probably the most important element of this simulation was the low-level wind 

field over the Gulf. Compared to observations these winds were as much as 1800 

out of phase, where a mean southeasterly flow was expected the model produced a 

northwesterly transport. 

One positive aspect of the simulation was that it indicated that the Gulf of Cali

fornia was indeed a moisture source for the atmosphere. Model derived estimates of 
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evaporation over the Gulf of California averaged .....,3.8 mm. day-lor....., 12 cm mon -1. 

Providing that P :::::: 0 (a good assumption in the northern Gulf of California), these 

estimates are similar to E - P values indicated by the ECMWF analyses ( ....... 5-15 

em mon-1 ) and are also in accord with measurements of surface evaporation (-2 

mm day-I, Castro et al.1994) although a bit high. However, evaporation rates are 

strongly influenced by winds near the surface which were not accurately depicted by 

the control simulation. Thus the model derived evaporation rates must be viewed 

cautiously. 

Although the control simulation for this region was too poor to warrant further 

analysis, it is still believed· that regional climate simulations offer the· quickest and 

cheapest means for. gaining insights into the role of the Gulf of California in the 

North American summer Monsoon. 



Appendix A 

Water Vapor Transport Associated with the Summertime 

North American Monsoon as Depicted by ECMWF Analyses 

Jeffrey T. Schmitz 

and 

Steven 1. Mullen 

Department of Atmospheric Sciences 

The University of Arizona 

Tucson, AZ 85721 

Submitted to 

Journal of Climate 

February 1995 

30 



31 

A.1 Abstract 

The origins and transport of water vapor into the semi-arid Sonoran Desert re

gion of southwestern North America are examined for the July-August wet season. 

Vertically-integrated fluxes and flux divergences of water vapor are computed for the 

8 summers 1985-1992 from ECMWF mandatory-level analyses possessing a spectral 

resolution of triangular 106 (T106). 

The ECMWF analyses indicate that transports of water vapor by the time

mean flow dominate the transports by the transient eddies. Most of the moisture at 

upper-levels (above 700 mb) over the Sonoran Desert arrives from over the Gulf of 

Mexico and from the northern fringe of the residual convective inputs over western 

Mexico, while water vapor at low-levels (below 700 mb) comes predominantly from 

over the northern Gulf of California. There is no indication of moisture entering 

the Sonoran Desert at low-levels directly from the southern Gulf of California or 

the tropical East Pacific. Water vapor from the southern Gulf region can enter the 

Sonoran Desert at upper-levels following upward transport from low-levels along the 

western slopes of the Sierra Madre Occidental mountains of Mexico and subsequent 

horizontal transport aloft. 

The TI06 ECMWF analyses, when only the mandatory-level analyses are used, 

do not possess sufficient precision to yield accurate estimates of highly differentiated 

quantities such the divergence of the vertically-integrated flux of water vapor. Even 

at a TI06 resolution, the northern Gulf of California and the terrain of the Baja 

California peninsula are not adequately resolved. 
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A.2 Introduction 

As the boreal solstice approaches, the North Pacific High builds off the West Coast 

of North America, relinquishing much of its influence on the Sonoran Desert region 

of the SW United States and NW Mexico. (Figure A.l shows a map with the 

geographical regions referred to in this paper.) Simultaneously, the Bermuda High 

thrusts northwestward into the region, and the time-mean mid-tropospheric (500-700 

mb) flow backs from west-northwest during May and June to south-southeast during 

July and August. Concurrent with the wind shift, precipitable water and convective 

activity over the region increase dramatically. Consideration of the change in the 

prevailing wind and the geographical distribution of land-sea boundaries led many 

earlier. researchers (Reed 1933; Jurwitz 1953; Bryson and Lowry 1955; Reitan 1957) 

to.conclude that the summertime moisture over the Sonoran Desert is transported 

from the Gulf of Mexico, along the western flank of the Bermuda High. 

An analysis of the water vapor transport over North America by Benton and 

Estoque (1954), however, suggested another source of summertime moisture situated 

to the west of the continental divide, separate from the larger flux from the Gulf of 

Mexico. More evidence of a Pacific source of moisture came from Rasmusson (1967) 

whose analysis showed that water vapor east of the divide clearly originates from 

the Gulf of Mexico/Caribbean Sea while moisture over the Sonoran Desert appears 

to originate from the Gulf of California. The issue of moisture from the Gulf of 

California and/or tropical East Pacific was not resolved because neither analysis 

extended into Mexico. 

Hales (1972, 1974) proposed that moisture over the Sonoran Desert comes in 

the form of short-lived, low-level surges up the Gulf of California. Brenner (1974) 

concurred, adding that these surges appear to be independent of the large-scale cir-
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Figure A.I: Geography of the Southwest North American region showing locations 
mentioned in the text. Stippled region indicates portion of the Sonora.n Desert 
emphasized in this analysis. We have excluded that portion over the Baja peninsula. 
The greater Sonoran Desert, or Desert Southwest will be used to refer to the broader 
region including and surrounding the Sonoran Desert. 
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culation. Both Hales and Brenner expressed skepticism that moisture from the Gulf 

of Mexico could pass over the Sierra Madre Occidental range and still make signif

icant contributions to the precipitable water over the Sonoran Desert. Sellers and 

Hill (1974), on the other hand, maintained that monsoon moisture comes primarily 

from the Gulf of Mexico. 

Reyes and Cadet (1986, 1988) examined moisture flux over the tropical Americas 

during the period May-August 1979. They proposed that the intensification of the 

South Pacific anticyclonic gyre propels low-level moisture across the equator towards 

western Mexico. Once there, it could reach the Sonoran Desert either at low-levels 

as a result of southeasterly gulf-surges or at mid-levels after convective mixing with 

midtropospheric moisture from the east and subsequent northward transport around 

the western. flank of the subtropical ridge. Their description stressed the importance 

of both Gulf of Mexico and tropical East Pacific moisture sources and the coupling 

of the two through convective transport. 

Recent research using data from special field programs provides further evidence 

for a low-level flux of water vapor along the Gulf of California (Badan-Dangon 

et al.1991; Douglas et aI.1993). Contrary to the short-lived surges proposed by 

Hales (1972, 1974) and Brenner (1974), these studies reveal a persistent transport 

of moisture along the Gulf of California by the time-mean wind. Douglas et al. 

(1993) also show that relatively dry air at mid-levels is advected from east of the 

Sierra Madre Occidental toward western Mexico, and they argue that most of the 

moisture over the Sonoran Desert comes from the tropical East Pacific Ocean or 

directly off the Gulf of California. 

To this day, two fundamental issues remain unresolved: (1) the relative impor

tance of the Gulf of Mexico, the Gulf of California, and the eastern Tropical Pacific 

as moisture sources for the Sonoran Desert, and (2) the primary means by which 
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the moisture is transported into the region. The issues are of more than academic 

interest, they also have operational implications if seasonal precipitation forecasts 

for the region during the summer are ever to be realized. Hence, we believe that the 

need exists to examine these issues further. 

To provide insight into these questions, we desire to diagnose the moisture flux 

and water vapor balance over SW North America and adjacent ocean environs for 

the July-August period using a multi-year, high resolution data set produced by a 

modern-day atmospheric forecast/analysis system. Although the Desert Southwest 

has been included in many prior investigations of the transport and balance of 

water vapor, most were based on only a single month, season, or year of data 

(Benton and Estoque 1954; Starr and Peixoto 1958; Starr et a1.1965; Reyes and 

Cadet 1988; Trenberth 1991). The question of representativeness arises in view of 

the interannual variability that characterizes the region (Carleton et al.1990). A 

few multi-year climatologies that:included SW North America exist, but these often 

concerned themselves with differences among the annual means (e.g. Rosen et al. 

1978). Even when winter and summer regimes were explicitly contrasted, conditions 

for June, July, and August are usually averaged to represent the summer mean (Oort 

1983; Peixoto and Oort 1992; Roads et aI.1994). Because June conditions are so 

drastically different from those of July and August (Douglas et al.1993), its inclusion 

would distort the flow patterns of "wet" phase of the monsoon. Moreover, all of these 

studies relied either on radiosonde data which effectively ignores the adjacent oceanic 

regions, or on gridded data sets having resolutions much too coarse to resolve the 

Gulf of California, a postulated source of moisture for the Sonoran Desert. 

As a means to address the problem using modern-day atmospheric analyses 

possessing finer spatial and higher temporal resolutions than in previous studies, 

this work utilizes the global analyses from the European Center for Medium-range 
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Weather Forecasting (ECMWF) to compute an 8 year climatology of the water 

vapor flux and balance associated with the summer phase of the North American 

Monsoon. To our knowledge, no such analysis jOC1J.Sing on the semi-arid Sonoran 

Desert has been done using ECMWF analyses. 

This paper is organized as follows. Sections 2 and 3 describe the ECMWF 

data set and the methodology, respectively. Section 4 gives a brief overview of 

the climatology for the region of interest. Results for the transport of water vapor 

and its flux divergence are presented in Section 5. Conclusions and future research 

directions are discussed in Section 6. 

A.3 Data 

Uninitialized global analyses produced by the ECMWF are used in this study. The 

analyses were obtained from the National Center for Atmospheric Research (NCAR). 

Analyses are available four times daily (0000, 0600, 1200, and 1800 UTC) for the 

surface and 14 mandatory levels from 1000 mb to 10 mb (the recently added 925 

mb level is not included). The spectral truncation for the ECMWF analyses is 

triangular 106 (T106). 

The spectral coefficients for all available analyses for the period July and Au

gust, 1985 to 1992, are first transformed to a Gaussian grid having a spacing of 

approximately 1.125° latitude by 1.125° longitude. In order to limit the data stor

age requirements and allow for processing on local workstations, only a subset of 

the globe covering the region of interest, bounded approximately (to the nearest 

five degrees) by 5°N to 500 N and 75°W to 1300 W, inclusive, was transferred to the 

University of Arizona for analysis. Since virtually all of the water vapor in the 

atmosphere occurs below 200 mb, only analyses for the surface and eight lowest 
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mandatory levels (1000, 850, 700, 500, 400, 300, 250, 200 mb) are included in the 

calculation. 

Because the ECMWF analyses are operational, they undergo continuous changes 

in the data analysis procedures. These changes can produce temporal trends and 

discontinuities which could impact long-term climatic means and eddy statistics 

(e.g. Trenberth and Olson, 1988). Moreover, the divergent wind component, vertical 

velocity, and moisture, the three crucial quantities required to compute an accurate 

moisture budget, are the fields most adversely affected (Trenberth and Olson 1988). 

Furthermore, over data sparse regions, such as the oceans and to a lesser degree over 

Mexico itself, analysis quantities are largely determined by the first-guess forecast 

fields even at the synoptic hours of 0000 UTC and 1200 UTC. Clearly the validity 

of any conclusions drawn using the ECMWF analyses depends critically on their 

integrity. 

While it is very difficult, if not impossible, to determine precisely the fidelity 

of the ECMWF analyses, estimates of the uncertainty can be obtained. The un

certainty in the derived water vapor budgets and moisture fluxes can be estimated 

assuming the wind and specific humidity at each grid point have an accuracy com

parable to radiosonde data. This clearly denotes a lower bound estimate of the 

uncertainty. Thus, whenever a budget value is less than that due to the analysis 

uncertainty, the budget value must be considered insignificant. A crude consistency 

check can also be made by comparing our results for the T106 ECMvVF analyses to 

previous results based solely on the analysis of radiosonde data. 
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A.4 Analysis Procedures 

A.4.1 Vertically-Integrated, Atmospheric Flux· of Water Vapor 

To illustrate the water vapor transport for the monsoonal period, vertica.1Iy-integrated 

moisture flux vectors (Q) can be computed: 

(A.I) 

where q is the specific humidity, V is the horizontal wind vector, Psfc is the surface 

pressure and Ptop is the pressure at the top of the atmosphere. It is also of interest 

to compare the transport at low levels to that at higher levels. To examine this, the 

moisture flux.for the atmospheric layers above and below 700 mb, and the exchange 

of water mass between them, are considered. In this case, transport vectors are 

computed by integrating (1) from the surface to 700 mb, and from 700 mb to 200 

mb, respectively. The exchange of moisture between these two layers is represented 

by the vertical flux through the 700 mb level. 

A.4.2 Atmospheric Water Vapor Balance 

The general balance equation for atmospheric water vapor can be expressed as 

(A.2) 

where w is the pressure vertical velocity, E is evaporation rate per unit area, P is 

precipitation rate per unit area, and W is the precipitable water defined by 

PaCe d 
w= J q ;. 

PlOP 

(A.3) 
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All other symbols have their usual meteorological meaning. A complete derivation 

of the general water vapor balance equation is given in Appendix 1. Equation 

(2) states that the difference between evaporation and precipitation at the earth's 

surface equals the sum of the local change in precipitable water, the divergence of 

the vertically integrated horizontal water vapor flux and the vertical water vapor 

transport through the top of the atmosphere. The last term of eq. (2) is negligible 

since q ~ 0 at 200 mb. 

Averaging (2) over time yields 

\l.Q ~7!f-P, (AA) 

where an overbar denotes a time average over the period July-August. The storage 

term can be neglected for an averaging period of two months since it is typically much 

smaller than the mean flux divergence (Starr and Peixoto 1958; Rasmusson 1966; 

Palmen 1967; Peixoto 1973). Equation (4) also neglects horizontal diffusion and 

the horizontal transport of liquid and solid phases. Although these are important 

elements of the water balance for individual convective elements, they are both 

generally much smaller than the remaining terms when considering long averaging 

periods such as a month or more, and/or large spatial extents (Starr and Peixoto 

1958; Palmen 1963; Peixoto 1973; Rasmusson 1968, 1977) such as a 1.125° by 1.125° 

grid. 

Equation (4) provides an estimate of the mean water balance for a column of 

air extending from the surface to the top of the atmosphere, or 200 mb in this case. 

Areas with an excess of evaporation over precipitation (E - P > 0) are termed water 

vapor source regions, while areas with an excess of precipitation over evaporation 

(E - P < 0) are termed sink regions. 
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A.4.3 Regional Balance of Water Vapor and Moisture Transport Across 

Regional Boundaries 

Spatially-averaged water vapor budgets can be obtained by integrating (4) over an 

area A giving 

Iff -:; {--} A J A "V. Q dA = E - P (A.5) 

which, with the aid of Gauss's Theorem, can be written as 

fa Q. n de = fE - p} , (A.6) 

where { } denotes an areal average, n is the outward unit vector normal to the 

regional boundary, Q. n is the moisture transport across the regional boundary, 

and the line integral is computed along the closed path delimiting the region. 

A.4.4 Miscellaneous Numerical Procedures 

Vertical integrals are calculated by the trapezoid rule, with all fields assumed to vary 

linearly with pressure between mandatory levels. Spatial derivatives are computed 

using centered finite differences on the 1.125° grid. This procedure is not consistent 

with the ECMWF formulation which operates on the spectral coefficients to obtain 

horizontal derivatives. Since only a subset of the hemisphere was obtained, we are 

unable to use spectral processing. As will become clear later, the numerical error 

introduced by this procedure is negligible compared to other uncertainties and error 

sources inherent in our analysis. 

Time-mean quantities are obtained by averaging over all 8 summers and all 

four analysis times (0000, 0600, 1200 and 1800 UTe). Transient eddy statistics are 

obtained as departures from the 8-year seasonal means at the four daily analysis 
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times, then averaging those results over all four analysis times. Thus interannual 

variations are contained in the eddy statistics, but contributions from diurnal cycle 

excluded. The seasonal cycle is not removed from the data. 

A.5 Overview of the Regional Climatology for July-August 

In this section, the mean July-August wind and moisture fields over SW North 

American as depicted by the T106 ECMWF analyses are briefly described and 

compared with results from earlier studies based on other data sources and years. 

Our primary purpose is not to present a detailed discussion of the regional climate; 

such information can be found elsewhere (e.g. Douglas et al.1993). Rather, we 

desire to provide a proper background in which to interpret the moisture fluxes and 

budgets and to demonstrate the fidelity of ECMWF analyses. 

The large-scale, low-level flow over the region is strongly influenced by the Pacific 

and Atlantic Subtropical Highs (Fig. A.2.a), with brisk southerlies over Texas and 

north westerlies west of Baja California. Evidence of the thermal low can be seen 

in the cyclonic winds over the lower Colorado River Valley. The winds at 500 mb 

(Fig. A.2.b) are characterized by easterlies over the tropics and an anticyclonic 

circulation centered over southern New Mexico. The upper-level ECMWF winds 

agree closely with prior analysis of time-mean radiosonde data (e.g. Douglas et ale 

1993). The surface and low-level ECMWF winds are also consistent except over 

the northern Gulf of California, and even in that region the ECMWF analyses 

denote an improvement over other global objective analyses. Analysis of special 

field observations (Badan-Dangon et ale 1991; Douglas et ale 1993) reveals that light 

southerlies to south-southeasterlies mark the time-mean, low-level wind field over the 

Gulf of California. NMC analyses, for example, place low-level northwesterlies winds 
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Figure A.2.a: Time-mean winds and specific humidities for July-August at the sur
face. Maximum wind vector is 6.S m sec-I and contour interval for q is 2 g kg-I. 
Specific humidities> 12 g kg- I are stippled. For sake of clarity, the boundaries for 
all figures have been cropped at 15°N, 39°N, 900W and 120oW. 
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Figure A.2.h: Time-mean winds and specific humidities for July-August at 500 mh. 
Maximum wind vector is 6.3 m sec-1 and contour interval for q is 0.25 g kg-I. 
Specific humidities> 3 g kg-1 are stippled. Vector scaling is the same as Figure 2. 



Figure A.3: Time-mean vertical velocity for July-August at 500 mh. 
indicates upward motion. Contour interval is 0.25 J.Lb sec-i. Vertical 
< 0.25 J.Lb sec-1 are stippled. 
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over the region (Stensrud et aI.1995). The ECMWF analyses, while not totally 

consistent with the special field observations, do at least yield a southerly component 

over the region. The reasons for the erroneous wind direction are not known, but 

as we later discuss it may be a ramification of a horizontal resolution which is still 

too coarse to adequately resolve the Gulf of California and the surrounding terrain. 

A major advantage with using modern objective analyses is that the vertical mo

tion fields, consistent with the model formulations and data assimilation procedures, 

are available. T~e time-mean, vertical velocity field at 500 mb (Fig. A.3) indicates 

localized ascent over the southern Rockies, the Sierra Madre Occidental, and the 

Gulf of Mexico, with weaker, more widespread descent situated over the southern 

Central Plains States, the East Pacific Ocean, and the Gulf of California. The region 

of maximum upward motion over western Mexico is consistent with precipitation 

(Douglas et al.1993; Negri et al.1994) and infrared cloud climatologies (Douglas et 

al.1993), while the overall distribution of vertical velocity is in qualitative agreement 

with the June, July, and August mean determined by Oort (1983). The ascent over 

the Sierra Madre Occidental in the ECMWF analygeS is much stronger than that 

given by Oort (1983), however. 

The distribution of specific humidity at the surface (Fig. A.2.a) strongly reflects 

the underlying terrain, with high values flanking the southern Rockies and the Mex

ican Plateau. Surface humidity increases eastward into the central United States, 

and a moist tongue is evident over the Gulf of California and the coast of western 

Mexico. In the middle troposphere (Fig. A.2.b), a band of enhanced moisture ex

tends northward from the tropical East Pacific into southern Mexico before curving 

anticyclonically into Arizona and New Mexico. The 500 mb wind and moisture 

fields indicate that the easterly winds over the Gulf of ){Iexico advect drier air into 

western Mexico as discussed earlier by Douglas et ai. (1993). The precipitable water 
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(Fig. A.4) indicates that deep moisture exists over western Mexico and the tropical 

East Pacific, with values being larger over that region than anywhere else in the 

domain. Similar moisture distributions have been previously reported (Starr et al. 

1965; Hales 1974; Hagemeyer 1991; Douglas et al.1993j Negri et al.1994). 

In summary, the mean distributions of the ECMWF wind, vertical velocity, 

and moisture are qualitatively consistent with results from prior studies. With 

the noted exception of surface winds over the northern Gulf of California, the T106 

ECMWF analyses also appear to give quantitatively accurate, time-mean fields over 

the domain. 

A.6 Results 

A.6.l Vertically-Integrated, Atmospheric Flux of Water Vapor 

The distribution of mean flux vectors of water vapor, integrated from the surface 

to 200 mb (SFC-200 mb), exhibits several noteworthy features over the SW United 

States and NW Mexico (Fig. A.5). On the whole, the SFC-200 mb flux vectors 

bare close resemblance to the surface wind field (d. Fig. A.5 and A.2.a), a result 

that reflects the much larger specific humidities at low-levels. Also as expected, 

the SFC-200 mb flux vectors over the Mexican Plateau are noticeably smaller than 

neighboring regions, which reflects the impact of underlying high terrain on reducing 

the limits of the vertical integration. 

The strongest flux vectors curve anticyclonically from the Gulf of Mexico into 

the South Central Plains. A weaker southerly transport is also apparent over the 

northern Gulf of California and western Arizona. These two moisture streams were 

first described by Rasmusson (1967). A third feature of interest is a. southeasterly 

flux off the southwest coast of Mexico that emanates from the tropical East Pacific. 
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Figure A.4: Time-mean precipitable water for July-August. Contour interval is 0.5 
g cm-2 • PW > 4 g cm-2 is stippled. 
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This moisture plume from the tropical East Pacific, unlike the two described by 

Rasmusson (1967), appears to flow no farther north than ",25°N, as the flux vectors 

veer to the west over the southern Gulf of California. Based solely on the distribution 

of the SFC-200 mb fluxes, it appears that moisture over the Sonoran Desert comes 

predominately from the Gulf of Mexico and northern Gulf of California, with little 

or no input from the tropical East Pacific. 

A comparison of the time-mean flow and transient eddy contributions to the 

moisture transport (Figs. A.6.a and b, respectively) reveals a dominance by the 

time-mean circulation. While the net transport by the transients is minor compared 

to that by the time-mean flow, it would be premature to conclude that transient 

. fluctuations are unimportant to the regional water vapor balance. As Roads et 

ale (1994) point out, it is the instantaneous distribution of the moisture transport 

, that dictates 'whether 'precipitation occurs. Moreover, summertime rainfall over the 

Sonoran Desert shows considerable temporal variability (Bryson and Lowry 1955; 

Carleton 1986; Watson et al.1994), a clear indication of the importance of transience 

in modulating precipitation. 

The distribution of the transient flux exhibits a pattern that may be related to 

the underlying orography. The flux vectors fan out from the Sierra Madre Occi

dental, indicating a transport of moisture away from the mountains. This pattern 

of divergent vectors appears in every season, suggesting an intraseasonaloscillation 

that is geographically fixed to the mountains and dominates the transient moisture 

transport. The transport away from mountains may also be related to the strength 

of the convection along the Sierra Madre Occidental. 

While the flux for the SFC-200 mb column depicts the total horizontal transport 

of water vapor, further insight is offered by examining Q above 700 mb (iOO-200 

mb) and below 700 mb (SFC- iOO mb) in conjunction with the vertical flux between 
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Figure A.5: July-August, total vector flux of water vapor for the surface to 200 mb 
layer. Maximum vector is 29.6xl02 g cm-l sec-l. 
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Figure A.6.a: July-August, vector flux of water vapor for the surface to 200 mb layer 
due to the time-mean flow. Maximum vector is 29.9x102 g cm-I sec-I. Vectors are 
scaled the same as those in Fig. 5. 
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Figure A.6.b: July-August, vector flux of water vapor for the surface to 200 mb layer 
due to the transient eddies. Maximum vector is 2.6x102 g cm-t sec-to Vectors are 
magnified by a factor of five for visual clarity. 
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the two layers. The flux above 700 mb (Fig. A.7.a) can be characterized as a 

large-scale rotation about the subtropical high, yielding easterly transport over the 

tropics and West Mexico and southerly transport over Arizona. The upper-level 

moisture over the Sonoran Desert appears to come from above the Gulf of Mexico 

and from the northern fringe of the upper-level moist air mass over western Mexico. 

Examination of the mean vertical flux through the 700 mb level (Fig. A.8), however, 

indicates a major injection of moisture into the 700-200 mb layer over the Sierra 

Madre Occidental and the Mogollon rum of Arizona. The band of strong upward 

flux coincides with both the 500 mb moisture maximum and the region of greatest 

July-August rainfall, and undoubtedly reflects the persistent convection that occurs 

along the mountains during the summer (Douglas et al.1993; Negri et al. 1994; 

Watson et al.1994). A more gradual and widespread downward transport flanks the 

band of strong upward transport. 

The moisture flux in the SFC-700 mb layer (Fig. A. 7.b) is not as simply char

acterized as that aloft. The dominant signature is the strong flux from the western 

Gulf of Mexico into Texas. Maximum flux vectors in the region are 2 to 3 times 

larger than maxima elsewhere in the figure. Flux vectors over the Mexican Plateau 

are generally easterly but small; this indicates little transport of moisture across the 

continent at low-levels. Southwest Arizona and northwest Sonora display a strong 

onshore transport of moisture at low-levels from the northern Gulf of California. 

The flux remains onshore along the entire coastline of Sonora, but is much stronger 

to the north. The ECMWF analyses also suggest a noticeable low-level transport 

across the mountains of Baja California Norte from the extratropical East Pacific 

Ocean into the northern Gulf of California. Another region of noteworthy onshore 

flux is into Sinaloa, Mexico where the eastern portion of a southerly stream of mois

ture from the tropical East Pacific terminates. Over the central Gulf of California, 



53 

i 
,/ ,,;' ~ -- - -- --
.I' .I' .... --~ - ---
~ ;" "'" .... .... .... ~ ~ - -
I I .. ,II ,II ,II .. "'" "'" , • - - " " " " " • • • 

- .. • .. • • 
• • .. .. 
.. ~ - .. .. ,. ,. to 

,. - - ... .... ... ~ 

"- "- .. ----- .. .. , - 9 9 .. .. .. ... ... -..... -... ... .. ~ "- .. .. .. .. 
---. -- ...... --- ... i .... ... ... ... ... 

----- ..... ..... ... ... i ... -... ... ... 
- - ---- ..... ............. -.. i ..... -. ---. . ------- -r ...... ..... ......-..----j-- ...... 

-------~ - -..-----t----to--..-- ............ -..-.. - -------i. ...... ..... - -! ------- --t ...... ...... -- ----- -i. ...... 
i - ------.,. ----- ............ ----r-- ------i--------~~-t-----

O.OOGa+oo OJl21ll+01 -KIDImam Vector llummmVect.ar 

Figure A.7.a: July-August, total vector flux of water vapor for the 700 mb to 200 
mb layer. Vectors are scaled the same as those in Figs. 5 and 6a. Ma.ximum vector 
is 8.3x 102 g cm-1 sec-l, 
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Figure A.7.b: July-August, total vector flux of water vapor for the surface to 700 
mb layer. Vectors are scaled the same as those in Figs. 5, 6a, and 9. Maximum 
vector is 23.6xl02 g cm- l sec-I. 
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the flux vectors are' small. Thus, the ECMWF analyses display little evidence of 

a time-mean transport of moisture at low-levels from the tropical Pacific into the 

Sonoran Desert. 

Although there is little evidence of the mean flow transporting moisture into the 

Desert Southwest from the southern Gulf of California and tropical East Pacific at 

low-levels, consideration of the vertical flux and the 700-200 mb horizontal trans

ports indicates that moisture from the tropical East Pacific might reach the region 

aloft. The upward flux over Sinaloa (Fig. A.8) would inject East Pacific moisture 

into the upper atmosphere where it would then cross the Gulf of California and 

turn northward over the Baja Peninsula. This path would carry the moisture over 

extreme NW Sonora. 

The general features indicated by the horizontal and vertical transports quali

tatively agree with the previous findings (e.g. Reyes and Cadet 1988; Roads et al. 

1994). Quantitatively, the magnitudes of all fluxes are approximately one order of 

magnitude larger than our lower-bound estimate of analysis uncertainty assuming 

grid point accuracies comparable to radiosonde observations. 

A.6.2 Atmospheric Balance of Water Vapor 

The time-averaged balance eq.( 4) for water vapor indicates that only the divergence 

component of the vapor flux contributes directly to the hydrological cycle. It is 

difficult to infer from the horizontal flux vectors the source and sink regions of 

water vapor because the rotational component dominates the divergent component 

in many areas. This situation is clearly the case for Figures A.5 and A.6.a, both of 

which are marked by large-scale, anticyclonic curvature about the subtropical highs. 

For this reason, the distribution of the flux divergence of vertically-integrated water 

vapor was calculated. 
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Figure A.S: July-August, total vertical fllL,,{ of water vapor through the 700 mb layer. 
Contours are every ±5, ±15, ±25, ... g cm-2 mon-li stippling denotes upward flux, 
solid contours denote downward flux. 
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Figure A.9: July-August, flux divergence of the total water vapor transport for the 
surface to 200 mb layer. Contours are every ±5, ±15, ±25, ... g cm-2 mon-li 
stippling denotes convergence, solid contours denote divergence. 
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The flux divergence for the SFC-200 mb layer (Fig. A.9) reveals that, on average, 

sink regions are situated over the land and source regions are over the adjacent 

oceans. The regional distribution of sources and sinks, however, is rather complex. 

The largest values of convergence are situated along the western slopes of the Sierra 

Madre Occidental where P exceeds E by as much as 35-40 em per month. The 

band of convergence extends northward along the Mogollon Rim of Arizona and 

southward into the tropical East Pacific. Its position coincides closely with observed 

precipitation maxima, and the residual P values (neglecting E over the land, a crude 

assumption) are consistent with, but slightly greater than, the July-August monthly 

means for the region (Douglas et al.1993j Negri et al. 1994). Another region of strong 

convergence is located along the coastline of Texas and eastern Mexico. A major 

source region lies off the west coast of the Baja peninsula, with maximum values on 

the order of ..... 30 em per month. This same region was found to be the strongest 

summertime source region for North America by Roads et al. (1994). The Gulf of 

California also shows up as a minor source region, with E - P values in the range 

of 5-15 em per month. 

While the aforementioned source and sink regions seem both physically and quan

titatively reasonable, other features of the flux divergence field are more difficult to 

comprehend. In particular, the strongest source region in our analysis domain, with 

E - P values greater than 40 cm per month, lies over the southern Rio Grande River 

Valley. This same feature pervades the flux divergence of all 8 summers in our data 

sample. The sign of the divergence may be realistic as monthly precipitation in May 

and June runs 10-50% larger than in July and August over northeast Mexico and 

southwest Texas (Douglas et al.1993j Climatological Data, Texas 1989). The greater 

rainfall in late spring provides the potential for evaporation to exceed precipitation 

during the summer. It is interesting to note that prior studies have also found this 
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area to be a source of water vapor during the summer (Rasmusson 1966; Roads et 

al.1994). The magnitude of the flux divergence, on the other hand, is very dubious. 

Comparison of the q V· V and V· V q fields suggests that the large magnitude results 

prima.ri1y from an overestimate of the divergence of the low-level wind in the region. 

It is not clear what factors cause the extreme divergence, but improper adjustment 

of the low-level wind to the model's distribution of terrain and/or use of only surface 

and mandatory level analyses in the vertical integrations (i.e. much coarser vertical 

resolution than the original ECMWF sigma-level analyses) are suspected. 

Estimates of the spatia.lly averaged rmse (assuming radiosonde accuracy at each 

grid point) suggest an uncertainty of 0.6 g cm-2 mon-I, but the large divergence 

over the lower ilio Grande Va.lley suggests that much larger errors exist in our analy

sis. Since surface runoff (S R) must equal P - E (assuming surface and underground 

storage are negligible), some limited comparisons can be made with aetual stream

flow measurements for the southwest United States. Using the strea.m.flow data for 

the United States of Wa.llis et al. (1991), we find that E - P is about an order of 

magnitude too large over the Mogollon Rim, the southeast Texas coast, and most 

of New Mexico. Strea.m.flow data also indicate a net runoff (SR > 0) in the lower 

ilio Grande Va.lley, implying an atmospheric sink of moisture exists there rather 

than a major source as depicted by our analysis. Runoff data for Mexico have not 

been compared, although precipitation data over western Mexico, as presented by 

Douglas et al. (1993), suggest the distribution of E - P is realistic but ",50% too 

large. 

On the whole, we believe that our estimates of the atmospheric balance are quali

tatively realistic in terms of the sense of sign over most regions, but the mandatory

level ECMWF analyses alone, even at a T106 resolution, do not in general yield 

accurate quantitative estimates of the local balance of water vapor over the entire 
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region. 

A.6.3 Regional Balance of Water Vapor and Moisture Transport across 

Regional Boundaries 

The first two parts of this study focused on documenting the water vapor flux and its 

divergence at the resolution of the TI06 ECMWF analyses. Our diagnosis suggests 

that the mandatory-level analyses are not accurate enough to produce physically 

realistic estimates of highly differentiated quantities such as the flux divergence. 

For this reason, regionally-averaged flux divergences and fluxes across the regional 

boundaries are calculated with the goal of obtaining a more meaningful depiction 

of the primary sources and sink regions of water vapor. 

Area-average divergences and lateral boundary fluxes (LBF's) were computed 

for' five regions that were selected on the basis of the underlying terrain. These 

subregions are illustrated in Figure A.lO and were defined as follows: the United 

States east (USE) and west (USW) of the continental divide; Mexico east (MXE) 

and west (MXW) of the crest of the Mexican Plateau as portrayed by the TI06 

terrain field; and the Gulf of California-Pacific (GCP). Values for the SFC-700 mb 

layer are identified by the subscript L for low-level, and those for the 700-200 mb 

layer by the subscript U for upper-level. 

The area-averaged moisture budgets for the SFC-200 mb column (Fig. A.ll) 

indicate that three land regions USW, USE and MXW are sinks for water vapor 

while the one ocean region GCP is a source. The flux convergence for MXW, the 

region of greatest July-August precipitation, is an order of magnitude larger than 

those for USW and USE. This distribution seems physically plausible. The MXE 

region, however, is also a source region since it contains the spurious divergences 

over the lower Rio Grande Valley. The sensitivity of the area-average divergences 
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Figure A.lO: Geographical areas used in the calculations of the regional water vapor 
balances and moisture transport across regional boundaries .. 
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Figure A.ll: July-August, regional water vapor balance and horizontal fluxes across 
regional boundaries for the surface to 200 mb layer. Dark arrows indicate the di
rection of the net horizontal transport across each face of the volume. Magnitudes 
are presented. as 1016 grams per month. Numbers in parenthesis indicate the net 
flux divergence (positive number) for the adjacent volume. Estimated uncertainties 
for all quantities are indicated by the ± number following each value. See text for 
further details. 
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to modest shifts (±one grid point) in their boundaries was tested. We find that the 

sense of divergence can be sensitive to such shifts with the exception of the MXW 

sector which always remains a region of strong convergence. 

The LBF's for the SFC-200 mb layer indicate that ",80% of the total water 

vapor transported into the entire domain comes from over the Gulf of Mexico. All 

moisture from the Gulf of Mexico initially enters the MXE sector. More than half 

(",60%) of the moisture that leaves MXE heads northward into USE. The remainder 

( "'40%) crosses the Mexican Plateau and enters the MXW region. Thus, ",90% of 

the moisture transported into both the USE and MXW regions comes from over 

the Gulf of Mexico. The majority of the moisture exiting the USE region flows 

northw~~ into Colorado and Kansas. Most of the water vapor (",80%) that exits 

the MXW region continues westward into GCP; the remainder enters the USW 

through southeast Arizona. A comparable amount of moisture flows into the USW 

from the west, but most moisture entering the USW sector comes from the GCP 

region. 

If the atmosphere above and below 700 mb are examined separately (Fig. A.12), 

a different perspective is obtained. The sense of the LBF's for the SFC-700 mb and 

the 700-200 mb layers are the same as those for the SFC-200 mb layer with one 

important exception: the low-level flux is oriented from the GCP L into the MXW L. 

This means that moisture from the Gulf of Mexico that crosses the MXEL-MXW L 

border does not flow through the western boundary of MXW L. Thus any moisture 

flowing into USW L from the GCP L sector must be of Pacific origin. The southerly 

flux across the MXW L-USW L border would be a mixture of water vapor from the 

Gulf of California, the tropical East Pacific and the Gulf of Mexico. 

With inward fluxes along three of its four boundaries, strong convergence is 

forced in the MXW L sector which leads to a vigorous upward transport of water 
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Figure A.12: July-August, horizontal fluxes of water vapor across regional bound
aries for the 700 mb to 200 mb layer (top) and surface to 700 mb layer (bottom), and 
vertical fluxes through the 700 mb interface. Dark arrows indicate the direction of 
the net horizontal transport across each face of the volume; gray arrows denote the 
direction of net vertical transport across the 700 mb level. Plain (underlined) values 
represent the (vertical) moisture transport through the 700 mb level. Magnitudes 
are presented as 1016 grams per month. Estimated uncertainties for all quantities 
are indicated by the ± number following each value. 
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vapor into MXW u. In fact, the vertical flux from the MXW L is the largest source 

of moisture for the 700-200 mb layer. In conjunction with the weaker upward fluxes 

over the other land sectors, vertical transports account for more than ,.,.50% of the 

water vapor input aloft. 

The sensitivity of the boundary fluxes to modest shifts (±one grid point) in the 

position of the regional boundaries was also examined. We find that the magnitudes 

of the boundary fluxes typically change by 10%, but their components normal to 

the boundaries remain the same with the exception of the weak 700-200 mb flux 

along the western boundary of USW and the 700 mb vertical flux over GCP. The 

impact of raising the layer interface from 700 mb to 600 mb was also examined and 

found to not affect the sense of the fluxes. Thus we believe the results concerning 

the. strong boundary fluxes discussed above are qualitatively robust. 

A.7 Discussion and Conclusions 

In this study, the origins and transport of water vapor into the semi-arid Sonoran 

Desert region of North America were examined for the July-August monsoon season. 

Mandatory-level analyses produced by ECMWF at a spectral truncation of trian

gular 106 were used to compute vertically-integrated fluxes and flux divergences of 

water vapor. 

The T106 ECMWF analyses, interpolated to only the mandatory-levels, do not 

possess sufficient precision to yield accurate estimates of highly differentiated quan

tities such as the divergence of the vertically-integrated flux of water vapor. Perhaps 

calculation of the water balance using the T106 ECMWF analyses on their original 

sigma layers would ·remedy the problem of dubious source regions over the North 

American continent (such as the major source over the lower Rio Grande River Val-
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ley); calculations on sigma levels have proven useful in prior studies that used model 

output to compute budgets for other atmospheric quantities (e.g. Sardeshmukh and 

Held, 1984; Mullen, 1986). In any event, we believe that the T106 mandatory-level 

analyses, for the most part, provide a faithful portrait of the vertically-integrated, 

horizontal transport of water vapor. 

As a way to summarize the most robust results of this study, we offer the 

schematic diagram of Fig. A.I3. The figure portrays the primary streams of wa

ter vapor by the time-mean circulation for July-August as depicted by the T106 

ECMWF analyses. These results can be summarized as follows: 

• The transport of water vapor by the time-mean circulation dominates that 

due to the transient eddies . 

• Most water vapor enters the Sonoran region at low-levels (below 700 mb). 

This moisture comes primarily from over the northern Gulf of California, but 

limited amounts from the Gulf of Mexico flow over the Sonoran Gap into 

the eastern Sonoran Desert. The time-mean flow is unable to transport water 

vapor directly from the southern Gulf of California and/or tropical East Pacific 

to the Sonoran Desert at low-levels. 

• Most of the upper-level (above 700 mb) moisture over the Sonoran Desert 

appears to come from over the Gulf of Mexico and from the northern fringe 

of the upper-level moist air mass(i.e. residual convective inputs) over western 

Mexico, circulating around the southern and western quadrants of the the 

subtropical ridge . 

• Onshore, low-level flow from the southern Gulf of California and the trop

ical East Pacific produces a convergence of water vapor that helps fuel the 
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Figure A.13: Schematic of the most robust features of the 3-D transport of mois
ture as inferred from the TI06 ECMWF analyses. The cross-hatched arrows denote 
the primary streams of low-level (SFC-700mb) moisture; the shaded arrow denotes 
the primary stream of the moisture aloft (700-200mb). Width of the arrows is pro
portional to the magnitude of the horizontal moisture flux. Cumulonimbus clouds 
denote the region of strongest upward flux of water vapor and maximum precipita
tion. 
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persistent convection along the west slopes of the Sierra Madre Occidental. 

The convection injects a large amount of water vapor into the upper-levels. 

Once aloft, this tropical moisture may reach the western Sonoran Desert after 

subsequent northwestward transport by the mean flow. 

While our results support the notion that the northern Gulf of California is 

a major source of low-level moisture for the Sonoran Desert, evidence exists that 

the impact of the GuH on the regional climate is not properly resolved by the TI06 

ECMWF analyses. The land-sea mask for the ECMWF analyses (Fig. A.14) reveals 

that the northern Gulf of California is represented by two inland seas at a TI06 

truncation. The ECMWF terrain field (Fig. A.14) indicates that mountains of the 

Baja Peninsula are also poorly resolved, especia.lly over Baja California Norte where 

the actual elevations along the crest run higher than 1000 m but the analysis system 

produces heights around 500 m. The lower barrier in the T106 ECMWF analysis 

system could prevent the blocking of the low-level northwesterlies to the west of 

Baja California Norte and lead to an excessive penetration of low-level westerly 

momentum across the peninsula into the northern GuH of California. This could 

help explain surface southwesterlies in the TI06 ECMWF analyses over a region 

where observations from special field programs (Badan-Dangon et ai.1991j Douglas 

et al. 1993) indicate prevailing south-southeast winds exist. 

The inadequate resolution of the local geography at a TI06 truncation has im

portant consequences for future studies that examine the North American monsoon. 

For example, current reanalysis efforts will not address the situation because they 

employ horizontal resolutions of TI06 or coarser (e.g. Kalnay and Jenne, 1991; 

Gibson et a/.1994j Janowiak et al.1994j Kistler et ai.1994). Thus we believe that 

diagnostic studies based on the reanalysis output may provide little additional in-
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Figure A.14: Terrain heights (contour interval 500 m, with zero contour omitted) 
and the land/sea mask (hatching indicates ocean areas) for the TI06 ECMWF 
analyses. 
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sight into the impact of the Gulf of California and regional-scale circulations on the 

monsoon over that already obtainable from the current T106 ECMWF analyses. 

Clearly resolutions finer than T106 are required before the regional-scale circula

tions associated with the North American monsoon can be understood. We believe 

that simulations with regional climate models (RCMs), employing horizontal and 

vertical resolutions higher than the T106 ECMWF mandatory-level analyses, offer 

the most economical way to achieve this goal. However, the ability of RCMs to faith

fully simulate the monsoon has, not been firmly established. Pioneering simulations 

(e.g. Giorgi 1991; Giorgi et al.1994) of the Sonoran region missed the most impor

tant features of the monsoon such· as maximum summer precipitation being over 

western Mexico. Using four-dimensional data assimilation to ingest special field 

observations, Stensrud et ale (1~95) showed that 24 h simulations with a suitably 

constructed, properly initialized mesoscale model can capture many of the salient 

features of the monsoon, such as low-level mean How up the Gulf of California and 

the axis of maximum precipitation along the western foothills of the Sierra Madre 

Occidental. While the results of Stensrud et ale (1995) are encouraging, they did 

not examine whether simulations would be nearly as accurate if the special obser

vations were excluded or if the integrations were extended beyond 24 h. Ultimately, 

long-term observations in the immediate vicinity of the Gulf of California, similar 

in scope to those analyzed by Badan-Dangon (1991) and Douglas et ale (1993) for 

single summers, will be needed to validate climate models, to use for mesoscale data 

assimilations, and to determine the true role of the Gulf of California. 

Even though our results indicate that the time-mean circulation dominates the 

transport of water vapor, we believe that the role of transience needs to be thor

oughly examined. As previously noted, the temporal variability in summertime 

rainfall over the Sonoran region attests to the importance of transience in modulat-
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ing precipitation (Bryson and Lowry 1955; Carleton 1986; Watson et al.1994) .. Re

search is underway using the T106 ECMWF analyses that contrasts the larger-scale 

circulation and moisture transport during "bursts" and "breaks" in the monsoonal 

rainfall over the Sonoran Desert. 
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A.8 Appendix A.1 

The water vapor balance per unit mass for a parcel of air as given by Rasmusson 

(1977) is 

dq aq - aq 
dt - - + V· \lq + w- -at ap 

where 9 = gravitational acceleration, 

t = time, 

p = pressure, 

v = horizontal velocity vector, 

w = pressure vertical velocity, 

aD 
e-c+ 9 ap ' 

e = evaporation rate per unit mass for an air parcel, 

c = condensation rate per unit mass for an air parcel, 

q = specific humidity, and 

D = vertical diffusion rate per unit area of atmospheric water vapor. 

(A.7) 

With the aid of the mass continuity equation (A.7) can be transformed into 

an 
e - c + 9- -ap 

aq + \l. q v + owq 
at op (A.S) 

which is the water vapor balance equation for a. particular isobaric level. The total 

transport within a column of air is obtained by integrating with respect to pressure 

from the top of the a.tmosphere Ptop to the surface of the earth Psfc which gives 
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dp Pde aD dp Po{e aq dp Pde _ dp p.Ce awq dp 
- c) g + J 9 ap 9 = J. at 9 + J v· qV 9 + J ap g. 

PlOp Plop Plop Plop Plop 

(A.9) 

At this point Leibnitz's Rule (e.g. Hildebrand 1962, p 360) is employed which states 

that given a. function 

B(:/:) 

F(x,y) = j f(x,y) dy 
A(:/:) 

(A.IO) 

the partial derivative of F with respect to x has the form 

aF(x,y) 
ax 

B(:/:) 

- J af~:,Y) dy + [f(X, B) ~!] - [f(x,A) ~:] 
A(:/:) 

(A.H) 

Applying Leibnitz's Rule to the first two terms on the right hand side of (A.9), we 

get 

Pde a d Pde d 
j q p j - p -- + V·qV-at 9 9 

Plop Plop 

(A.12) 

= aw +'1. < qV > _ qae [apsfe +v. . 'V ] + at 9 at sfe Ps(c 
qtop [aptop + ~ . 'V ] 9 at top Ptop 

(A.13) 

where 

p.Ce 

«»= j();, 
PlOp 

(A.14) 

w = < q > is the precipitable water, and Q = < qV > is the vertically-integrated 

water vapor flux. The last term in brackets is zero since Ptop is fixed at 200 mb. 

The first term in brackets is Wsfc since 
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(A.15) 

at P = Psfc (e.g. Panofsky 1946; Haltiner and Williams 1980; Trenberth 1991). 

After simplification, we fina.lly obtain 

Pale aq dp Pale _ dp aw _ 
J - - + J V·qV-=- +V·Q at 9 9 at 

Plop PlOp 

(A.16) 

Substitution of (A.16) into (A.9) and integration of a.ll terms results in 

(A.17) 

where it is generally assumed (Rasmusson 1977) that 

p.le d J (e - c) : = -p, 
Plop 

(A.18) 

From (A.17) it is clear that Wsfc qsfe/ 9 produced by vertically integrating the 

vertical flux divergence term cancels the Wsfc que/ 9 resulting from application of 

Leibnitz's Rule. Historica.lly, this term has been treated in one of two ways: most 

commonly it is set to zero by assuming Wsfc is zero (Palmen 1967; Rasmusson 1967, 

1968, and 1977)-i.e. a "flat earth" assumption; less frequently it is used to represent 

evapotranspiration at scales too small to resolve (Peixoto 1973). 

Several more terms can be eliminated following the integration of (A.9). Wtop qtop / 9 

becomes negligible since qtop :::::: O. Similarly, the vertical diffusion at the top of the 

atmosphere D (Ptop) can be neglected. This leaves 

aw -
E - P =-at +V'oQ, (A.19) 

where 
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lim D(P) = E. 
P -+ PsCc 

(A.20) 

Equation (A.20) is the general water balance equation of the atmosphere with hor

izontal diffusion and the contributions from liquid and solid phases neglected. 
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B.l Abstract 

Intraseasonal variations associated with the North American Summer Mon

soon are investigated. Composite wet and dry periods during July and August 

of 1985-1992, defined from rain gauge data for southeast Arizona, are com

pared. Cloud top temperature (CCT), wind, specific humidity, precipitable 

water (PW), convective indices, moisture flux, and parcel trajectories are all 

examined. ECMWF mandatory-level analyses possessing a spectral resolution 

of triangular 106 (TI06) are employed. 

Significant differences exist between wet and dry conditions over the Sonoran 

Desert for all fields considered. As the monsoon shifts from dry to wet conditions, 

the subtropical ridge shifts ",5° latitude toward the north, and precipitable 

water increases by as much as ",1.2 cm (",0.5 inches). Parcels in the middle 

troposphere ascend into the region from the southeast, and the atmosphere 

becomes more unstable. The result is a significant increase in the frequency of 

deep convection, as determined from CTT < -38°C. 

During both monsoon regimes, most of the water vapor entering the Sonoran 

Desert at low-levels (below 700 mb) arrives from over the northern and central 

Gulf of California, with a slightly greater flux into the region occurring during 

the dry phase. Above 700 mb, moisture transported into the Sonoran Desert 

during both regimes is a mixture of water vapor from over the Gulf of Mexico 

and Gulf of California, and from residual convective inputs over the Sierra Madre 

Occidental mountains of Mexico. During wet periods, however, a longer fetch 

through the moist air mass above western Mexico results in a greater moisture 

flux into the Sonoran Desert aloft. Less water vapor from over the Gulf of 

Mexico flows into western Mexico and the Sonoran Desert under wet conditions 
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tha.n. during dry phases, both above a.n.d below 700 mb. 
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B.2 Introduction 

Throughout the summer in the Sonoran Desert, the atmosphere typically un

dergoes several oscillations between hot, dry conditions with little rainfall, and 

slightly cooler, more humid weather with frequent afternoon thundershowers. 

(A map of geographic regions referred to in this paper is included in Figure 

B.1.) The transformation between dry and wet regimes can be gradual, span

ning several days, or very abrupt, taking place within a 24 hour period (Bryson 

.and Lowry 1955; Reitan 1957; Adang and Gall 1989; Watson et al.1994). Such 

transitions in precipitation/moisture are illustrated in Figure B.2, which shows 

the daily fraction of surface observing stations in southeast Arizona (State Cli

matological Division 07) reporting measurable precipitation during July and 

August, 1985 to 1992. Arizona Climatological Divisions are identified in Fig

ure B.3. Both intraseasonal and interannual variability are evident. Despite its 

yearly and daily inconsistency, the summer monsoon produces 30-60% of the 

annual rainfall across the Sonoran Desert (Douglas et al.1993). 

In view of the large percentage of annual rainfall received during the summer 

monsoon, we believe that a thorough understanding of the mechanisms associ

ated with intraseasonal variability may be a necessary prerequisite to achieving 

skillful seasonal precipitation forecasts. Unfortunately, studies dealing with vari

ability of the North American Summer Monsoon are limited and mainly focus 

on Arizona, which lies well to the north of the heart of monsoon. Intraseasonal 

variability in the monsoon was first illustrated by Reed (1933), who showed 

a relationship between the northward movement of the upper-level subtropical 

anticyclone and precipitation over the Desert Southwest. Variability of sum

mertime rainfall was further documented by Bryson and Lowry (1955), while 
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Reitan (1957) showed that variations in precipitation over Arizona are strongly 

correlated to the precipitable water over Phoenix. Hales (1972, 1974) and Bren

ner (1972) attributed the variability of humidity and rainfall to low-level gulf 

surges, sporadic northward surges of moisture from the Gulf of California into 

Arizona. Later diagnostic studies stressed the importance of the latitudinal 

position of the subtropical ridge in regulating mid-tropospheric moisture and 

precipitation. Synoptic climatologies for wet and dry monsoon periods, termed 

bursts and breaks by Carleton (1986), indicate that a ridge position north of 

their seasonal mean results in increased cloud cover and rainfall for Arizona; 

the opposite is true for southerly displacements (Carleton 1986; Carleton and 

Carpenter 1990). Watson et al. (1994) report similar results for wet and dry 

composites based on daily cloud-to-ground lightning totals in Arizona. 

This study will focus on the intraseasonal variability over the greater Sonoran 

Desert region of southwestern North America which, as we shall later see, over

laps the region of greatest variability in summertime convection. To address this 

issue, each day in July and August, 1985-1992, is classified as either wet, dry, 

or transition, based on the percentage of observing stations reporting precipita

tion in SE Arizona. Atmospheric condition over Southwest North America and 

adjacent ocean environs are then compared for composite wet and dry monsoon 

regimes. We consider the variability of winds, specific humidity, precipitable 

water, convective instability, frequency of cold cloud, and parcel trajectories. 

Although previous works have examined the variability of winds and specific 

humidity, to our knowledge no works exist that considered intraseasonal vari

ations of the water vapor flux, parcel trajectories, and cloud top temperatures 

over this portion of the Desert Southwest. 
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Figure B.l: Geography of the Southwest North America.n region showing loca.tions 
mentioried in the text. S tipled region indicates portion of the Sonoran Desert em
phasized in this analysis. We have excluded that portion over the Baja peninsula. 
The greater Sonoran Desert, or Desert Southwest will be used to refer to the broader 
region surrounding the Sonoran Desert. 
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Figure B.2: Daily fraction of surface observing stations in southeast Arizona, state 
climatological division 07, reporting measurable precipitation during July and Au
gust, 1985-1992. 



88 

IJ • 

• • • • • • . : . • • 7 • • • • • • • • 
• • 

• • 
• • • 
• 

Figure B.3: Arizona Climatological Divisions. Positions of ob~erving stations in 
Division 07 are marked with a dot. Climate divisions are id<!ntified as: 1) Northwest; 
2) Northeast; 3) North Central; 4) East Central; 5) Southwest; 6) South Central; 
and 7) Southeast. 
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As a. continuation of the climatologica.l study of Schmitz a.nd Mullen (1995, 

hereafter referred to as SM), this work will. employ the globa.l a.nalyses from the 

Europea.n Center for Medium-Ra.nge Wea.ther Forecasting(ECMWF). The use 

of the ECMWF a.na.lyses provides several adva.ntages over the data employed 

in prior research. Compared to burst a.nd break synoptic c1im.a.tologies ba.sed on 

other da.ta. (Carleton 1986; Watson et a1.1994), the ECMWF a.nalyses possess 

higher spatial a.nd temporal resolutions. Also, they provide vertica.l velocities 

consistent with model formulations and data a.ssimilation procedures. Previous 

studies did not a.na.lyze this aspect of the flow field. 

B.3 Data 

B.3.! ECMWF Analyses 

Uninitia.lized global a.nalyses· produced by the ECMWF are used in this study. 

The a.nalyses were obtained from the Nationa.l Center for Atmospheric Research 

(NCAR). Analyses are available four times daily (0000, 0600, 1200, a.nd 1800 

UTC) for the surface a.nd 14 ma.ndatory levels from 1000 mb to 10 mb. The 

spectral trunca.tion for the ECMWF a.nalyses is tria.ngular 106 (TI06). The cor

responding tra.nsform grid is approximately 1.125° latitude by 1.125° longitude. 

For this study a subset of the global Gaussia.n grid, bounded approximately 

(to the nearest five degrees) by 5°N to 400N a.nd 900W to 1200W, inclusive, 

is employed. Only a.na.lyses for the surface a.nd eight lowest ma.ndatory levels 

(1000, 850, 700, 500, 400, 300, 250, 200 mb) are used in this study. For a more 

thorough discussion of the ECMWF a.nalyses a.s they relate to this study, the 

reader is referred to SM and references contained within. 
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B.3.2 Radiosonde Data 

The radiosonde (RAOB) data employed in this study were extracted from NCAR 

Dataset DS390.1, United States Controlled TD56 Time Series RAOBS, which 

are prepared and maintained by the Data Support Section, Scientific Computing 

Division at NCAR. RAOB data are a.vaila.ble for mandatory and significant levels 

up to 10mb. Each RAOB is hydrostatica.lly checked. Twice daily (0000 and 1200 

UTC) RAOBs for Tucson, Arizona. for the period spa.nning July and August of 

each year, 1985-1992 were obtained. Composite soundings were constructed by 

first interpolating individua.l ones to every 10 mb (SFC, 910 mb, 900 mb, ... ), 

and then a.veraging the isobaric data. 

B.3.3 !Seep Satellite Data 

The infrared satellite imagery employed in this study are from the Internationa.l 

Satellite Cloud Clima.tology Project (ISCCP) Archive. They are part of the 

ISCCP globa.l, reduced-resolution, infrared and visible radiance (B3) data set 

possessing a horizonta.l resolution of ",,30km. Infrared images are available ev

ery three hours for the years 1985 to 1991. This study uses 6 hourly infrared 

images for the synoptic hours of 0000, 0600, 1200, and 1800 UTC for July and 

August 1988-1990. The other summers were not available loca.lly at the time 

of this study. To minimize data. processing and storage requirements, only in

frared pixels within a sma.ll subregion of the larger North American Satellite 

perspective, coincident with the regional ECMWF domain, are analyzed. For a. 

more complete description of the ISCCP data products the reader is referred to 

Schiffer and Rossow (1985) and Rossow and Schiffer (1991). 
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B.4 Analysis Procedures 

B.4.1 Selection Criteria for Wet and Dry Monsoon Periods 

Douglas et a/.1993 convincingly show that Arizona and Sonora, Mexico are on 

the northern fringe of the primary monsoon region, that being the western slopes 

of the Sierra Madre Occidental where the afternoon summertime precipitation 

is more consistent and extended dry periods during the rainy season are less evi

dent. Only as one moves northward, into northwestern Mexico and southeastern 

Arizona, do monsoon bursts and breaks become more distinct. However, move 

much farther north, into central and northern Arizona, and the variability of 

precipitation once again decreases. This interpretation is supported by Figure 

BA, which shows the standard deviation of 0000 UTC cloud top temperatures 

(CTT) for July and August 1988-1990. The center of the greatest variability 

in late afternoon CTT occurs over the Sonoran Desert, to the northwest of the 

more persistent convective activity over western Mexico. 

In view of the fact that SE Arizona lies on the northern fringe of enhanced 

variability and that reliable precipitation records are more readily available for 

Arizona than for Mexico, daily precipitation data for Division 07 (i.e. southeast 

Arizona) of the Arizona Climatological subdivisions are employed (see Fig. B.3) 

to identify bursts and breaks in the monsoon. Wet and dry days during July 

and August are defined as those days on which 50% or more, or fewer than 25% 

of the stations report measurable rainfall, respectively. This selection criterion 

categorizes 172 days as wet, 171 as dry, and 153 as transition. The average 

wet period lasted -3 days, the average dry period -4 days, and the average 

transition period -2 days. Maximum lengths of bursts, breaks, and transitions 
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Figure B.4: Standard Deviation of 0000 UTC Cloud Top Temperatures for July and 
August, 1988-1990. Thick black line denotes axis of maximum frequency (> 40%) 
of CTT < -380 Celsius for all 0000 UTC observations. 
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were 10, 13, and 7 days, respectively. Results to be presented are composites 

for all wet and dry days. . 

B.4.2 Vertically-Integrated, Atmospheric Flux of Water Vapor 

To illustrate the transport of atmospheric moisture under each monsoon regime, 

vertically-integrated water vapor flux vectors (Q) are computed using 

Ps 

Q = < q V > = J ( qV ) dp 
Fr 9 

(B. 1) 

where V is the horizontal velocity, q is the specific humidity, Ps is the surface 

pressure, and PT is the pressure at the top of the atmosphere, or 200 mb in this 

case. The overbar indicates an average over all wet or all dry days. Vertical 

integration is denoted by brackets. All other quantities have their usual me

teorological meaning. Following the procedures detailed in 8M, the horizontal 

moisture flux for the atmospheric layers above and below 700 mb, and the ver

tical flux connecting the two are computed for wet and dry regimes. Average 

moisture flux across regional boundaries for each monsoon phase are also com-

puted according to the methods described in 8M, only for different subregions. 

Vertical integrals are calculated by the trapezoid rule. All atmospheric fields 

are assumed to vary linearly with pressure between mandatory levels. 

B.4.3 Lagrangian Perspective 

Because parcel trajectories provide additional insight into the transport and 

origins of water vapor, backward and forward trajectories are computed for 

each monsoon phase. Trajectories are determined usin~ the method of Reap 



(1972) by the numerical integration of 

h 

S(X,y,p) = J V3(X,y,p, t) dt, 
to 
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(B.2) 

where t is time, to is the starting time, S is the position of the parcel at the 

time t17 and V 3 is the mean 3D velocity vector. Dry an Wet period trajectories 

are estimated using the composite average horizontal and vertical velocity fields 

at 0000, 0600, 1200, and 1800 UTC for the respective regime. Trajectories are 

computed using a 2 hour time step. Trilinear interpolation is used to determine 

velocities at positions between grid points/mandatory levels. 

B.5 Results 

B.5.l Velocity Fields 

Figure B.5 shows the time-mean winds at the surface for both monsoon phases. 

Overall, the two fields are quite similar, especially east of the Continental Di

vide and south of 200 N. The most notable difference is the weakening of the 

northwesterly flow west of Baja California and the westerly flow across Baja 

California and the Gulf of California as the monsoon moves from dry to wet 

phase. 

More dramatic and larger scale changes are evident at 500 mb (Fig. B.6). 

Under dry conditions the subtropical ridge axis lies south of its mean position 

(d. SM, Fig A.3), almost directly above central Sonora. When positioned in 

this manner, strong southwesterlies characterize the flow over all of Arizona and 

extreme northwest Sonora, while easterly winds exist over all of Mexico and the 

adjoining eastern Pacifc south of ,.....280 N. During wet conditions, however, the 
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ridge axis is positioned. north of the Sonoran Desert, and southeasterly winds 

occur over southern Arizona, western Mexico north of _200 N, and the Gulf of 

California. Similar changes are found at all levels between 700 mb and 200 mb 

(not shown). 

The vertical motion fields (Fig. B.7) of wet and dry regimes are very sim

ilar. Although little change is seen throughout most of the domain, a finger 

of enhanced upward motion (w < -0.2",0 sec-I) extends from Sonora north

ward into Arizona and New Mexico during wet periods. Subsidence occurs over 

extreme NW Mexico, SW Arizona, and the northern Gulf of California during 

both regimes, but it is stronger and protrudes further eastward into Sonora and 

Arizona during dry periods. 

B.S.2 Moisture Fields 

A noticeable redistribution of atmospheric water vapor accompanies the changes 

in the winds. At the surface (Fig. B.5), specific humidities (q) over the Sonoran 

Desert increase by more than -2.0 g kg-I during monsoon bursts. In fact, such 

increases cover all of Arizona, western New Mexico, southern Utah and south

western Colorado. Much smaller, insignificant differences are found elsewhere. 

A similar moistening occurs at 500 mb (Fig. B.6). Under both regimes, the 

500 mb moisture field is characterized by an elongated maximum that extends 

northward from the eastern Pacific Intertropical Convergence Zone (ITCZ) along 

the Sierra Madre Occidental into Arizona and New Mexico. Maximum moisture 

contents occur over the Sierra Madre Occidental and the Sierra Madre Del Sur 

during both regimes. The northern most extent of the wettest air ( q > 3 g kg-I) 

lies just south of the subtropical ridge axis. Consequently, as the monsoon passes 
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Figure B.5.a: Average winds and specific humidities at the surface for dry periods. 
Contour interval for q is 2 g kg-I, Specific humidity > 12 g kg-I is stippled. 
Maximum wind vector is 7.3 m sec-I, 
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Figure B.5.b: Average winds and specific humidities at the surface for wet periods. 
Contour interval for q is 2.g kg-I. Maximum wind vector is 6.4 m sec-I. 
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Figure B.6.a.: Average winds and specific humidities at 500 mb for dry periods. 
Contour interval for q is 0.25 g kg-I. Specific humidity > 3 g kg-I are stippled. 
Maximum. wind vector is 6.7 m sec-I. 
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Figure B.6.b: Average winds and specific humidities at 500 mb for wet periods. 
Contour interval for q is 0.25 g kg-l. Maximum wind vector is 6.2 m sec-l. 
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Figure B.7.a: Average vertical velocity at 500 mb for dry periods. Vertical velocities 
< -0.2 pb sec-I are stippled. Contour interval is 0.4 pb sec-I, 
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Figure B.7.b: Average vertical velocity at 500 mb for wet periods. Contour interval 
is 0.4 JLb sec-I. 
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from dry to wet phase and the subtropical ridge moves into northern Arizona, the 

greatest moistening occurs over the Sonoran Desert. Mid-tropospheric specific 

humidities over this region are ",1.0 g kg- l larger under wet conditions than 

during dry periods. 

The precipitable water (PW =< q » fields (Fig. B.B) indicate that the 

greatest values are found over the tropical East Pacific and SW Gulf of Mexico 

regions during both regimes. The wet - dry PW difference field (Fig. B.9.a), 

however, reveals that the largest changes are found over the SW United States 

and NW" Mexico, with a maximum increase of ",1.2 em ("'0.5 inches) centered 

ovex: the Sonoran Desert during the wet phase. No significant change is found 

east of ",103°W and south of "'25°N. 

If the changes in precipitable water for the layers above and below 700mb are 

" considered separately (Fig's. B.9.b and c), we find that the moisture increase is 

distributed rather- evenly between the two layers. Because of terrain elevation 

effects, the low-level increases are somewhat more localized than those aloft, 

with values above 0.5 g em- l being confined between the Mogollon Rim, the 

high terrain of northwest Mexico, and the northern Gulf of California. 

As the atmosphere over the Sonoran Desert moistens, it also becomes more 

unstable. With average maximum surface temperatures varying little between 

monsoon regimes, the higher specific humidities during bursts produce an envi

ronment more conducive to convection. Assuming that conditions above Tucson 

are representative of the greater Sonoran Desert, burst and break composites of 

0000 UTe radiosonde data (Fig. B.lO) indicate that dew point temperatures 

increase by ",5° C at all isobaric levels up to 300 mb during the wet phase. As a 

consequence, the lifting condensation level (LCL) for a surface parcel falls ",100 
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Figure B.B.a: A verage precipitable water for the atmosphere extending from the 
surface to 200 mb for dry periods. Stippling indicates values greater then 4.0 g 
cm-2 • Contour interval is 0.5 g cm-2 • 
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Figure B.8.b: Average precipitable water for atmosphere extending from the surface 
to 200 mb for wet periods. Contour interval is 0.5 g cm-2 • 
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Figure B.9.a: Wet period - Dry period Precipitable Water difference fields for the 
atmosphere extending from the surface to 200 mh. Contour interval is 0.10 g cm-~. 
Only those differences which are significant at the 5% level are shown. Statistical 
significance was determined. using the standard two-tailed. t-test for the differences 
between the means of two populations, the wet and dry days in this case. 
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Figure B.9.b: Wet period - Dry period Precipitable Water difference fields for the 
atmosphere extending from 700 mb to 200 mb. Contour interval is 0.10 g cm-2

• 

Only those differences which are significant at the 5% level are shown. 
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Figure B.9.c: Wet period - Dry period Precipitable Water clliference fields for the 
atmosphere extending from the surface to 700 mb. Contour interval is 0.10 g cm-2

• 

Only those clliferences which are significant at the 5% level are shown. 
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mb during this regime (Table B.l). Most importantly, the convective available 

potential energy (CAPE) is positive during the wet regime, and it is much bigger 

than during the dry regime. Under wet conditions, surface parcels experience, 

on average, a 350 mb thick layer of modest positive buoyancy, extending from 

",650 mb (the level of free convection LFC) to ",300 mb (the level of neutral 

buoyancy LNB). In addition, the moister atmosphere aloft further facilitates 

convective development by reducing the dissipating effects of entrainment. De

spite the more favorable environment, surface heating alone probably cannot 

sustain widespread, deep convection; it seems likely that some lifting is also re

quired. The -140 K difference in equivalent potential temperature g e between 

the surface and 500 mb (the approximate level of minimum g e ) indicates the 

sounding is potentially unstable, but sufficient lifting of the entire air column 

is required to release this potential. instability. Once precipitation commences, 

more buoyant energy can be released due to downdraft convective available po

tential energy, or DCAPE (Emanuel 1994, p172). Although only a fraction of 

the DCAPE is usually realized (Emanuel 1994), it is interesting to note that the 

DCAPE for a parcel originating at cloud base (LCL) exceeds the CAPE for a 

surface parcel. In fact, the composite wet sounding resembles to the inverted- V 

sounding of Beebe (1955) that is conducive to vigorous downdrafts (Bluestein 

1993, p453-454). 

. The moister and more unstable atmosphere of the wet regime leads to a 

greater frequency of convection over the Sonoran Desert during these periods. 

This fact is illustrated by Figure B.ll which shows the frequency of 0000 UTC 

cloud top temperatures CTT < -38°e for each monsoon regime and the signif

icant differences between these fields. The -38°e threshold is commonly used 
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Figure B.lO.a: Composite dry period sounding at Tucson, Arizona. Soundings are 
plotted on Skew-T /Log-P Diagram. Each half wind barb equals 5 knots. 
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Figure B.lO.b: Composite Wet period sounding at Tucson, Arizona. Soundings are 
plotted on Skew-T /Log-P Diagram. 



Table B.1: Convective Indices 

LCL 
LFC 
LNB 

CAPE 
Lifted Index 

6 e (500 mb-SFC) 

Wet 
717mb 
651 mb 
284 mb 

321 J kg-1 

-2 K 
-14 K 

Dry 
614 mb 
566 mb 
327mb 

60 J kg-1 

OK 
-7 K 
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as a surrogate for deep convection (Maddox et a1.1991; Douglas et al.1993). 

During dry periods, frequent (> 0.25) convective activity is largely confined to 

the south f'J30° N with a maximum over Sinaloa. When wet conditions exist, the 

frequency of convection increases by typically 10-35% over the Sonoran Desert. 

Little change in convective frequencies is observed over Sinaloa, however, the 

heart of the monsoon. These differences are consistent with the changes ob

served in the ECMWF vertical motion fields. 

Overall, the wet and dry period moisture and wind fields are in accord with 

prior results (Reed 1933; Reitan 1957; Carleton 1986; Carleton and Carpenter 

1990; Watson et al.1994b). At the surface, however, the flow remains predom

inantly westerly over the Gulf of California during both regimes, with only a 

slight enhancement of the southerly wind component over the gulf occurring 

during bursts. Thus the surface wind is almost 900 out of phase with the spe

cial observations of Badan-Dangon et ale (1991) and Douglas et al. (1993), whose 

results are based on much shorter periods which may not be representative of 

longer term conditions. Aside from that, the ECMWF analyses are felt to ac

curately represent the salient features of the intraseasonal variability for the 

regIon. 
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Figure B.l1.a: Frequency of Cloud Top Temperatures < -380 Celsius for composite 
dry periods of July and August 1988-1990. Frequency is expressed as the fraction 
of dry observations with CTT < -380 C. Fractions> 0.25 are stippled. Field has 
been smoothed to eliminate noise. Contour interval is 0.05 
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Figure B.l1.b: Frequency of Cloud Top Temperatures < -380 Celsius for composite 
wet periods. 
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Figure B.ll.c: Differences between wet and dry period frequency of Cloud Top 
Temperatures < -380 Celsius. Differences > 0.1 are stippled. Contour interval is 
O.l. All differences shown are significant at the 5% level. 
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B.5.3 Vertically-Integrated, Atmospheric Flux of Water Vapor 

IT we compare the SFC-200 mb moisture flux for monsoon bursts and breaks (Fig. 

B.12), statistically significant differences are found over the Sonoran Desert, 

Mexico, the Gulf of California, and the tropical East Pacific. During dry periods, 

the southward displaced subtropical ridge puts the Sonoran Desert under the 

influence of a strong southwesterly flux which imports moisture from over the 

extratropical Pacific and northern Gulf of California into the region. South 

of ,..,.300 N an easterly flux is found over Mexico and the Gulf of California, 

effectively confining tropical moisture south of this latitude. 

Under wet conditions the northward displaced subtropical ridge results in a 

strong southeasterly flux over Mexico, north of 200 N, and the Gulf of Califor

nia. Moisture over Mexico, the Gulf of California, and the tropical East Pacific 

appears to flow directly into the Sonoran Desert. Concurrently, the water vapor 

flux from over the extratropical Pacific and northern Gulf of California is weaker 

and restricted to the western portion of the Sonoran Desert. 

To differentiate between the role of low-level and upper-level transports, wa

ter vapor fluxes for the SFC-700 mb and 700-200 mb layers are presented in 

Figures B.13 and B.14. Significant differences in the lo~-level flux are found 

over the greater Sonoran Desert region. During dry periods, a southwesterly 

flux blankets the entire Sonoran Desert, with most of the moisture coming from 

over the extratropical Pacific and northern Gulf of California. Much weaker, 

less organized fluxes are found over the central and southern Gulf of California, 

and coastal West Mexico. Low-level moisture from over the tropical East Pacific 

flows inland into Sinaloa but penetrates no further north than _250 N. 

When the monsoon is in its wet phase, fluxes over the northern Gulf of 
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Figure B.12.a: Water vapor flux for the atmosphere extending from the surface to 
200 mb for Dry periods. Units are 102 g cm-I sec-I. Maximum vector is 32.4*102 

g cm-I sec-I. 
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Figure B.12.b: Water vapor flux for the atmosphere extending from the surface to 
200 mb for Wet periods. Maximum vector is 30.4"'102 g cm-1 sec-I. 



118 

• • • • , t t 
~ t t t t 

• ." \ \ , " --
\ , , 

- ...... ..-t-"--
~~.a...:-...... ,.......I--1 

~-~~~:::::~...::::::;::t,~ .J ... .. .. 
: 

I t , ~ 1 .. -
I 1 I ,j 

I 
~ ~ I I .j 

I 
~ I - ~ .. ... ... 
I' 

I 
I - 'I • 

J .. 
I 

", ", J' i 
/ 4 " " 

" I' I 1 '" I' 

! I' I' / ", 

! I I I / ", " ." 

,j t 1 , I I / " 
! t t t 1 I I .. .. 

t t t t .. ..... ..... ..... ... ... 
j t t t t .. .. .... .. 
! 

" J' J' J' I I Ii , t , \ 

-" .II / / I' I' I 'I 
, • t 

, 
, 
, 

.II .II J' I' , - - , ... " : , 

'" I' , - - - • -t -
, .. .. .. .. .. .. .... .... , , , 

I I - - • • • .i - • • I 
tJ tJ . .i .. .. -- - ... .... 

: , , - tJ tJ tJ • -f - • - - tJ • • • i .. - -. ... ... 
! 

Figure B.12.c: Wet Period - Dry Period water vapor flux for the atmosphere 
extending from the surface to 200 mb. Units are 102 g cm-I sec-I, Maximum 
vector is 6.8*102 g cm-1 sec-I. Only those differences significant at the 5% level 
are presented. Statistical significance of all vector differences were estimated using 
a two-tailed t- test on the differences between the wet and dry means, where the 
variance of each population was determined as the variance of the component of the 
instantaneous wet (dry) vector parallel to a unit vector in the direction of the mean 
wet (dry) vector. 
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California shift to a more southerly direction, thereby covering a smaller portion 

of the Sonoran Desert. Concurrently, less moisture from the extratropical Pacific 

flows across Baja California and into the northern Gulf region. Further south, 

a stronger, more organized southerly flux from the central Gulf of California. 

into the southern Sonoran Desert is evident. A greater northward flux from the 

southern Gulf and tropical East Pacific into Sinaloa is also indicated. 

The primary difference between 700-200 mb (Fig. B.14) fluxes for wet and 

dry regimes involves the positioning of the subtropical ridge axis. During breaks, 

the ridge axis lies above the Sonoran Desert, resulting in a weak anticyclonic 

flow of moisture aloft. South of the ridge axis, a strong easterly flux extends 

across central and western Mexico, the southern Gulf of California, and into 

the subtropical Pacific. Ail a result, any 700-200 mb water vapor situated over 

Mexico or the southern Gulf region, south of ",280 N, does not flow over the 

Sonoran Desert during breaks. 

During bursts, the subtropical ridge axis lies over central Arizona, along the 

northern limit of the Sonoran Desert. A broad area of upper-level southeast

erly flux occurs over virtually all of Mexico north of ",200 N and the Gulf of 

California. This transport nearly parallels the Sierra Madre Occidental, with 

a slight deviation directed down the western slopes. As a result, upper-level 

moisture over Mexico appears to flood the Sonoran Desert from the southeast, 

while over the Gulf of California and tropical East Pacific it is directed away 

from the Sonora Desert. 

Figure B.14 indicates that upper-level moisture from above the Gulf of Mex

ico is transported into the Sonoran Desert regardless of the monsoon regime. 

The greater southerly component in the transport field during bursts, however, 
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Figure B.13.a: Water vapor flux for the atmosphere extending from the surface to 
700 mb for Dry periods. Units are 102 g cm-I sec-I. Maximum vector is 25.9*102 

CT cm-I sec-I 
o 
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Figure B.13.b: Water vapor flux for the atmosphere extending from the surface to 
700 mb for Wet periods. Units are 102 g cm- l sec-I. Maximum vector is 24.6"'102 

g cm-1 sec-I. 
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Figure B.13.c: Wet Period - Dry Period water vapor flux for the atmosphere 
extending from the surface to 700 mh. Units are 102 g cm-l sec-I. Maximum 
vector is 4.3*102 g cm-l sec-I. Only those differences significant at the 5% level are 
presented. 
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indicates that less Gulf of Mexico moisture crosses the Mexican Plateau dur

ing wet periods, flowing northwestward along the high terrain instead of across 

it. During dry periods, the flux is more normal to the mountains, suggesting 

a greater westward transport across the Sierra Madre Occidental and Mexican 

Plateau. 

B.5.4 700 mb Vertical Flux 

Figure B.15 illustrates the wet and dry period vertical moisture flux and the 

d.i:fference between these fields. Both monsoon regimes are characterized by an 

elongated band of upward moisture transport that extends from the ITCZ along 

western Mexico before reaching Arizona and New Mexico. It is surrounded on 

both sides by generally weaker descent. 

Consistent with our selection criterion, enhanced upward moisture transport 

exists over SE Arizona. during monsoon bursts. Comparable increases are found 

over Sonora. Thus, assuming the additional moisture is not rained out, more 

wa.ter vapor is available for transport aloft during wet periods. No significant 

change occurs in the vertical flux over Sinaloa., however. 

B.5.5 Moisture Transport across Regional Boundaries 

As a means for quantifying the variations in the water vapor transport between 

wet and dry phases, differences in the large scale moisture among four subregions 

are considered. These subregions are illustrated and defined in Figure B.16. 

They were chosen to delimit the northern and southern portions of the Sonoran 

Desert, the Gulf of California, and the region of persistent convective activity 

over western Mexico. Only the moisture flux above and below 700 mb and the 
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Figure B.14.a: Water vapor flux for the atmosphere extending from 700 mb to 200 
mb for Dry periods. Units are 102 g cm-l sec-l. Maximum vector is 9.0*102 g cm-1 

sec-l. 
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Figure B.14.h: Water vapor flux for the atmosphere extending from 700 mb to 200 
mb for Wet periods. Units are 102 g cm-l sec-I, Maximum vector is 8.7*102 g cm-1 

sec-I. 
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Figure B.14.c: Wet Period - Dry Period water vapor flux for the atmosphere 
extending from 700 mb to 200 mh. Maximum vector is 3.6*102 g cm-I sec-I, Only 
those differences significant at the 5% level are presented. 
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Figure B.15.a: Vertical flux through the 700 mb level for Dry periods. Vertical 
fluxes < -0.6 g cm-2 day-I are stippled. Contours are every ±0.2, ±0.4, ±0.6 ... g 
cm-2 day-I. 
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Figure B.15.b: Vertical flux through the 700 mb level for wet periods. 
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Figure B.15.c: Vertical:flux through the 700 mb level for Wet Period-Dry Periods. 
Only those differences significant at the 5% level are shown. Contours are every 
+0.10, +0.20, ±0.30 ... g cm-2 day-I. Differences < 0.10 are stippled. 
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vertical flux connecting the two will be considered. 

Comparison of the burst and break regional fluxes (Fig. B.17) confirms many 

of the points discussed above. During the dry regime moisture above 700 mb is 

transported westward through the entire domain south of _300 N, while east

ward transport occurs to the north of this latitude. Below 700 mb a westerly 

flux dominates the transport over Baja. California. Norte a.nd extends through 

the Sonoran Desert. A southerly transport from the tropica.l East Pacific exists 

within both la.yers, but most of the moisture entering the southern GC subregion 

is transported westward by the prevailing easterly flow. 

Once the wet regime is in place, however, several significant changes occur. 

Foremost is the reduction of the wa.ter va.por transport into the domain from the 

east, indica.ting tha.t less Gulf of Mexico moisture crosses the continenta.l divide 

during the wet phase, both above and below 700 mb. 

The decrease in wa.ter vapor transported into MXW from the east is com

pensa.ted by other processes. Above 700 mb, the shift from dry period easterlies 

to wet period southeasterlies over Mexico and the Gulf of California. not only 

decreases the amount of moisture entering MXWu from the east, but it also 

reduces the amount transported westward through MXW u by an almost equal 

amount. Below 700 mb, the sense of the transport a.cross the MXW L-GCL bor

der reverses and now flows into MXW L. This moisture input, combined with the 

reduction in the westward transport from MXW L into the tropical East Pacific, 

more than counterbala.nces the decreased input from over the Gulf of Mexico. 

Another important feature is the apparent constancy of the low-level mois

ture flux into the Sonoran Desert from over the GeL' Whereas most of the 

low-level water va.por over NSD L originates from over the northern GC Lunder 
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Figure B.16: Geographical areas used in the calculations of the regional wa.ter vapor 
balances' and moisture transport across regional boundaries. Subregions are defined 
as the Northern and Sonoran Desert (NSD), and Southern Sonorari Desert (SSD), 
respectively. Mexico West (MXW) of the Mexican highlands, and the Gulf of Cal
ifornia (GC). Subregions above 700 mb are given the subscript U, for upper layer, 
and those below 700 mb the subscript L, for lower layer. 



JLUQ.8l+ 

2.0 (1.3) ...... 
7.3 (3.6) 
--~~ 

r-f!<+D 
E(+I) 

w 
s 

. . 

132 

ZOO!1'jl - 200mb 

t·: 0A.!D.Sl 
1 

~--' 7.0 (4.7) 

Surface - 700mb 

Figure B.17: Wet and Dry period regional boundary fluxes for NSD, SSD, MXW, 
and GC for the layers above and below 700 mb. Magnitude of the wet period flux 
is enclosed in parenthesis, the dry period flux is not. A minus sign preceeding the 
wet period estimate indicates a transport in the opposite sense a.s the dry period 
flux. Underlined values refer to vertical transports. Magnitudes are presented as 
1016 grams per month. Magnitudes are only presented along boundaries where 
differences significant at the 5% level were found. 
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both monsoon regimes, the primary source for the SSD L depends on the phase. 

During breaks it receives most of its moisture from above the northern GCL , 

but during bursts most comes from above the central GC L region. As a whole, 

slightly more water vapor flows into the Sonoran Desert from above the northern 

and central GC L region during dry periods. 

Unlike the horizontal water vapor transports, little change is found in the 

vertical flux through the 700 mb layer. The only significant differences in the 

wet and dry period fluxes occur over the Sonoran Desert and act to transport 

more moisture upward. 

B.S.6 Lagrangian. Perspective 

To better identify the origins of moisture transported into the Sonoran Desert, 

3D parcel trajectories were computed for the composite-mean conditions of each 

regime. Swarms of four day back and forward trajectories were analyzed. Of the 

multitude of trajectories examined, only a small subset that are representative 

of conditions for the region are presented. 

Forward trajectories for parcels originating at the surface of the Gulf of Cal

ifornia. for wet and dry periods are shown in Figure B.18. They indicate that 

water vapor over the Gulf is carried into western Mexico and the Sonoran Desert 

regardless of the monsoon regime, with only a slight northward deviation being 

evident for wet trajectories. As these parcels move inland, they rise mainly due 

to forced orographic ascent. During wet periods, the parcels starting over the 

central Gulf tum northward, toward the Sonoran Desert as they rise. Under dry 

conditions they do not tum northward. 

Parcels over the central Gulf at 850 mb (Fig. B.19) also generally ascend 



134 

Figure B.IS.a: Four day Forward Trajec ories for parcels originating at the surface 
of the Gulf of California for dry periods. Isobaric level of the parcel is indicated 
every 2 days. Arrow heads are plotted at the end of each one day forward trajectory 
segment. Size of arrow head is proportional to last 2 hr trajectory segment. Only 
trajectories started at 1200 UTC are shown. Trajectories were not found to be 
sensitive to the starting synoptic hour. 
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Figure B.18.b: Four day Forward Trajectories for parcels originating at the surface 
of the GuH of California for wet periods. 
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Figure B.19.a: Four day Forward Trajectories for parcels originating at the 850 mb 
isobaric level over the Gulf of California for dry periods. 
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Figure B.19.b: Four day Forward Trajectories for parcels- originating at the 850 mb 
isobaric level over the Gulf of California for wet periods. 
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to the north during wet conditions, but descend southward during dry periods. 

Those at 850 mb over the northern Gulf of California, however, move north

eastward through the Sonoran Desert during both phases of the monsoon. For 

parcels originating both at the surface and 850 mb over the northern Gulf, the 

dry period parcel moves farther to the east than the wet period parcel. 

Parcels originating at 850 mb over the western slopes of the Sierra Madre 

Occidental (Fig. B.20) are transported towards the Sonoran Desert during the 

wet monsoon phase. When the dry regime is in place, parcels south of ",30 0 

N head toward the southwest, while those north of this latitude move to the 

northeast. 

Figure B.21 shows back trajectories terminating at 500 mh over the northern 

Gulf of California region and southern Arizona. During dry regimes, parcels 

descend into the Sonoran Desert from the southwest, sinking as much as 150 

mb in four days. When the subtropical ridge is positioned to the north and the 

monsoon is in its wet phase, parcels stream into the Sonoran Desert from over 

the Sierra Madre Occidental of northwest Mexico, ascending at a rate of ",50 

mb day-l along the entire path. 

B.6 Discussion and Conclusions 

In this paper the intraseasonal variations associated with the summertime North 

American Monsoon were investigated. Wet and dry monsoon periods were de

fined from rain gauge data for southeast Arizona. Conditions during wet days 

were compared to conditions during dry days. Cloud top temperatures, wind, 

specific humidity, precipitable water, convective instability, moisture flux, and 

parcel trajectories were examined. Our primary findings are as follows: 
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Figure B.20.a.: Four day Forward Trajectories for parcels originating at the 850 mb 
isobaric level over western Mexico for dry periods. 
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Figure B.20.b: Four day Forwa.rd Trajectories for parcels originating at the 850 mb 
isoba.ric level western Mexico for wet periods. 
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Figure B.21.a: Four day Back Trajectories for parcels originating at 500 mb over 
. the Sonoran Desert for dry periods. Isobaric level of the parcel is indicated every 
2 days. Arrow heads are plotted at the beginning of each one day back trajectory 
segment. 
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Figure B.21.b: Four day Back Trajectories for parcels originating at 500 mb over 
the Sonoran Desert for wet periods. 
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• Intraseasonal variability in cloudiness and convection, as inferred from satel

lite imagery, is greatest over the Sonoran Desert. The region of enhanced 

variability lies to the northwest of the region of most persistent convection 

and greatest rainfall, i.e. the western slopes of the Sierra Madre Occidental. 

• More water vapor exists above the Sonoran Desert under wet conditions than 

during dry spells, as precipitable water increases by as much as '" 1.2 em (",0.5 

inches). The additional moisture is fairly evenly divided between the SFC-700 

mb and 700-200 mb layers over the Sonoran Desert, but a more widespread 

increase occurs above 700 mb. 

• Deep Convection, as judged from infrared satellite imagery, occurs with a much 

greater frequency over the Sonoran Desert during wet periods than during 

dry. During breaks, deep convection is generally confined south 'of ",300 N. 

During bursts, convection pushes northward into Arizona and New Mexico. 

Concurrently, the upward moisture flux over Sonora and east-central Arizona 

increases significantly. 

• During dry periods the subtropical ridge is displaced southward of its climato

logical position. A mixture of upper-level moisture from over the Gulf of Mex

ico, northern Gulf of California, and residual convective inputs over Mexico 

circulates anticyclonically throughout the Sonoran Desert. Strong subsidence 

over the Gulf of California and the southwestern Sonoran Desert is present. 

During dry periods, little or no upper-level moisture south of ",280 N over 

Mexico and adjoining Pacific reaches the Sonoran Desert. 

• During wet periods, the ridge lies north of its mean position and upper-level 

moisture ascends into the Sonoran Desert from the southeast, bringing with 
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it water vapor from the atmosphere above western Mexico. As during the dry 

phase, this moisture is a mixture of water vapor from over the Gulf of Mexico, 

and residual convective inputs over the Sierra. Madre Occidental. However, the 

wet period upper-level How has a longer fetch through the moist air mass over 

the Sierra Madre Occidental than it does during dry periods. Consequently, 

more residual moisture over western Mexico enters the Sonoran Desert aloft 

during wet periods. Upper-level moisture over the Gulf of California and 

tropical East Pacific, on the other hand, is steered to the west of the Sonoran 

Desert by the wet period upper-level winds. 

• During dry periods, low-level moisture from above the southern Gulf of Cali

fornia and tropical East Pacific cannot reach the Sonoran Desert at any level. 

During wet phases, however, this low-level tropical moisture Hows northward 

and inland .along the east coast of the Gulf of California. 

• The low-level transport of water vapor into the Sonoran Desert from above 

the northern and central Gulf of California is largely independent of monsoon 

phase. During both regimes the low-level Hux is oriented from this region into 

southern Arizona and northern Sonora. In fact, slightly more moisture from 

over the central and northern Gulf of California enters the Sonoran Desert 

during the dry phase. 

• Gulf of Mexico moisture is transported into the Sonoran Desert under both 

monsoon regimes, but less crosses the Mexican Plateau and enters the Sonoran 

Desert during wet conditions. 

Since the amount of low-level water vapor flowing into the Sonoran Desert 

from over the Gulf of California remains virtually constant during the wet and 
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dry regimes, factors other than the low-level flux must regulate widespread con

vection over the region. Our results suggest that precipitation depends criti

cally upon the amount of upper-level moisture and the vertical motion. The 

northward movement of the subtropical ridge and concomitant southeasterly 

midtrospheric flux during wet conditions, all of which are related to changes in 

the large-scale flow pattern, prompts moisture aloft to move northward from 

the region of persistent convection over western Mexico. The moistening of the 

middle and upper troposphere over the Sonoran Desert both makes the atmo

sphere more unstable and reduces the dissipating effects of entrainment. Con

currently, weak ascent o~curs within this potentially unstable atmosphere. This 

mix.of ingredients (persistent, low-level moisture flux from the Gulf of Califor

nia; moistening of the mid-troposphere due to southeasterly flux; convectively 

unstable atmosphere; ascent) results in a greater frequency of convection during 

the wet regime. 

Although our analysis suggests that the Gulf of California is an important 

source of low-level moisture for the Sonoran Desert, its true impact is difficult 

to infer from the TI06 ECMWF analyses alone. As Schmitz and Mullen (1995) 

discuss, the Gulf of California and the terrain of the Baja Peninsula are not ade

quately resolved at a T106 spectral truncation. Finer resolutions are required to 

properly resolve the local geography. We believe that more mesoscale modeling 

efforts (e.g. Stensrud et al. ale 1994) and/or special field programs (e.g. Meitin 

1991) are needed to determine the role of the Gulf of California. 

The methodology employed in this study leads to a single, "average" pattern 

associated with wet conditions. Yet it is important to recognize that there can 

be noteworthy deviations about the wet composite which also yield widespread 
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rainfall over the Sonoran Desert. In fact, it is quite possible that any individual 

day with widespread rain over the Sonoran Desert can vary greatly from the 

wet composite (Watson et al.1994). McCollum (1993), using a much smaller 

sample size than ours (31 verses 172), subjectively identifies three basic patterns 

associated with severe thunderstorms over central Arizona. One of his patterns 

(McCollum 1993, p.28) closely resembles the wet pattern, but his other two 

patterns deviate notably from it. The fact that there is some agreement between 

two studies indicates that the wet pattern is robust and synoptica.lly meaningful. 

By employing statistical techniques such as cluster analysis, those days/patterns 

that deviate substantially from the wet composite can be isolated and further 

stratified into more meaningful synoptic patterns. 

It is clear that signifi~t differences exist between the wet and dry regimes 

of the North American Monsoon. However, the present study offers little insight 

into mechanisms associated with transitions between them. As previously noted, 

the subject has received o~y limited attention, and those studies that exist 

typically consider case studies (e.g. Reed 1933, Bryson and Lowry 1955, Adang 

and Gall 1989). Future diagnosis of multi-year data sets and of extended regional 

model simulations may provide insight into regime transitions associated with 

monsoon. 
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