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ABSTRACT
Rainfall evolution and diurnal variation are important components in the North American monsoon system
(NAMS). In this study these components are numerically studied using the fifth-generation Pennsylvania State
University–National Center for Atmospheric Research (PSU–NCAR) Mesoscale Model (MM5) with high resolution (12-km grids) in contrast to most previous model studies that used relatively coarse spatial resolutions
(.25 km grids). The model was initialized at the start of each month and allowed to run for 31 days.
The study shows that, in general, the model results broadly matched the patterns of satellite-retrieved rainfall
data for monthly rainfall accumulation. The rainfall timing evolution in the monsoon core region predicted by
the model generally matched the gauge observations. However, the differences among the three precipitation
estimates (model, satellite, and gauge) are obvious, especially in July. The rainfall diurnal cycle pattern was
reproduced in the monsoon core region of western Mexico, but there were differences in the diurnal intensity
and timing between modeled and observed results. Furthermore, the model cannot capture the diurnal variation
over Arizona.
Modeling results showed heavy monsoon rains shift northward along the western Mexico coast in association
with the northward evolution of the subtropical highs. This is consistent with previous data analyses. The rainfall
diurnal cycle was associated mainly with sea–land/mountain–valley circulations over western Mexico and adjacent oceans.
The simulations show that the model has deficiencies in predicting precipitation over the Gulf of Mexico.
The model cannot reproduce the low-level inversion above the marine boundary layers and thus does not generate
enough convective inhibition (CIN) to suppress the convection. The model also cannot produce realistic variations
of day-to-day atmospheric conditions with only a single initialization at the start of the month.

1. Introduction
The circulations of the North American monsoon system (NAMS) substantially affect the summer weather
and climate of the southwest United States and Mexico.
The NAMS is characterized by multiscale variations that
include interannual, seasonal, and daily features in time,
and continental, regional, and local patterns in space.
The climatologic and synoptic features of NAMS have
been studied systematically (see the reviews of Douglas
et al. 1993; Adams and Comrie 1997; Higgins et al.
1997; Barlow et al. 1998). The mesoscale phenomena
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of NAMS, such as local circulations, low-level jet (LLJ),
monsoon convection and its seasonal northward evolution, diurnal variations of wind, temperature, and rainfall, etc., are important features of the system that still
need study and better understanding (Berbery 2001).
Previous studies have addressed many significant mesoscale features for the NAMS. Reiter and Tang (1984)
analyzed multiyear sounding data and found strong diurnal variations of thermodynamic processes within the
planetary boundary layer (PBL) of NAMS. Using field
data from the Southwest Area Monsoon Project
(SWAMP) in summer 1990, Douglas and Li (1996) and
Douglas et al. (1998) documented a weak nighttime lowlevel jet (LLJ) from the northern Gulf of California to
the southwestern Arizona desert that reaches maximum
strength in the early morning and is considered impor-
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tant for low-level transport of water vapor northward in
the NAMS (Mitchell et al. 2002) west of the Continental
Divide.
The evolution and diurnal cycle of monsoon rainfall
have been studied with rain gauge data (Douglas et al.
1993; Higgins et al. 1999) and satellite rainfall estimates
(Negri et al. 1993, 1994). Douglas et al. (1993) and
Higgins et al. (1999) found, as Cavazos et al. (2002)
reviewed, that the mean evolution of the monsoon from
Mexico to the United States is characterized by the regular northward progression of heavy precipitation from
southern Mexico in early June. The NAMS spreads
northward along the western slopes of the Sierra Madre
Occidental (SMO) into portions of the southwestern
United States by early July (see Fig. 2 in Higgins et al.
1999). The precipitation evolution is related mainly to
the northward displacement of the high pressure centers
over the eastern Pacific and western Atlantic Oceans
(Carleton 1986). Additional factors, including a shift of
the axis of the surface subtropical ridge, the development of a pronounced anticyclone at the jet stream level,
and a thermally induced trough in the desert of the
Southwest, also caused rainfall variations. All of these
process variations are linked to seasonal adiabatic heating over the northern Mexico plateau and the southwest
United States (Barlow et al. 1998). However, it needs
to be verified whether a numerical model can reproduce
this progression and associated phenomena.
Using 35 yr of hourly rainfall data in July and August
at 45 locations, Balling and Brazel (1987) found maximum frequencies of nocturnal rains occur over lowelevation portions of central Arizona, with daytime
storms in mountain areas. From satellite rainfall estimates based on the Special Sensor Microwave Imager
(SSM/I) images, Negri et al. (1993, 1994) identified
diurnal cycles of rainfall along the western coast of
Mexico: convective storms occur offshore during the
early-morning hours, with several local maxima around
concave-shaped areas of the coastline. During the afternoon and evening period, deep convection reaches
its highest development over land with marked maxima
along the western slope of the SMO. Using rainfall estimates from combined Geostationary Operational Environmental Satellite (GOES) and Tropical Rainfall
Measuring Mission (TRMM) data, Sorooshian et al.
(2002) documented inverse diurnal rainfall patterns between the Isthmus and Gulf of Tehuantepec and between
the southern Mexican coastal area and offshore in the
eastern Pacific. Their results show morning offshore
rainfall west of southern Mexico distorting the ITCZ
into a broad north–south zone of active convection, then
extending westward to about 1208W. It is only this fareastern Pacific Ocean region of the ITCZ rainband that
displays a distinct diurnal signal in the boreal summer
season.
Although satellite remotely sensed rainfall data provides unprecedented, integrated patterns of global precipitation, many studies (e.g., Garreaud and Wallace
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1997) have noted that deficiencies of satellite rainfall
estimation—namely, indirect rainfall estimation and
limited rainfall sampling in space and time—can affect
the results and reduce their accuracy. Numerical studies
of NAMS have the advantage of high time and space
resolution. Wilson and Mitchell (1986) demonstrated
that the simulation of climate in general circulation
models (GCMs) will be degraded if the diurnal cycle is
not resolved adequately. Dai et al. (1999) analyzed the
diurnal patterns of precipitation simulated from the National Center for Atmospheric Research (NCAR) regional climate model (RegCM) using 60 km 3 60 km
horizontal grids and found substantial weaknesses in the
three available cumulus convection schemes [Grell,
Kuo, and Community Climate Model Version 3
(CCM3)]. Anderson et al. (2001) reproduced the LLJ
from the northern Gulf of California to southwest Arizona using the National Centers for Environmental Prediction (NCEP) Regional Spectral Model (RSM) with
10 km by 20 km horizontal grids, and mainly focusing
on the Gulf of California. Stensrud et al. (1995) reproduced the observed convective diurnal variations over
the western slope of the SMO in fourth-generation Pennsylvania State University (PSU)–NCAR Mesoscale
Model (MM4) simulations enhanced by the special observational data using 25 km by 25 km horizontal grids
and initializing the model every 24 h. They found that
the model overestimated convective frequencies over
mountain areas, as well as morning rainfall, which was
possibly related to the convective parameterization
scheme they had used. Berbery (2001) analyzed 3 yr of
forecast precipitation from the NCEP Eta Model (48km horizontal grids) and found the diurnal rainfall variation over the SMO to be much weaker than the satellite
estimates. He considered these differences reasonable
because the satellite rainfall was estimated from the
maximum instantaneous rainfall sampling in the afternoon (the highest rainfall period of a day) and the model
forecast is integrated over time. The Eta-predicted rainfall was highly overestimated over and near southern
Mexican coastal areas; therefore, it was difficult to diagnose the characteristics of rainfall in that region. In
addition, Berbery found no rainfall diurnal cycle over
central Arizona in the Eta-predicted rainfall (see his Fig.
4). Mo and Juang (2003), using NCEP RSM at 30-km
horizontal grids, have studied the influences of SST in
the Gulf of California on precipitation within the
NAMS. In their 4-yr (1997–2000) monsoon simulations,
they reproduced the diurnal variation of rainfall over
the SMO, as well as a low-amplitude diurnal cycle over
the Gulf of California.
Most previous model studies used relatively coarse
spatial grid spacing (.25 km) that was not able to resolve well the mountainous topography in the NAMS
region. This study employed the fifth-generation Penn
State–NCAR Mesoscale Model (MM5) with higher resolution (i.e., grids at 12 km) in the primary study region.
In previous research, wet monsoon years were usually
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selected as the case study (e.g., Anderson and Roads
2002; Gochis et al. 2002). The rainfall during NAMS
2002 was normal in general, but showed strong localized
characteristics. (The reader can refer to the U.S. Climate
at the Glance on the National Climatic Data Center Web
site at http://lwf.ncdc.noaa.gov/oa/climate/research/
cag3/cag3.html.) In June, the rainfall in Arizona and
New Mexico was below normal. The rainfall in Texas
and Mexico was near normal. In July, the rainfall in
Arizona, New Mexico, and Mexico was almost normal,
while rainfall in Texas was above normal for the entire
summer, with an extreme rainstorm occurring in early
July over southern Texas. The NAMS in 2002 was selected for study because it was more typical than the
rainfall conditions in other studies.
The objectives of this study were to answer several
questions: 1) To what extent can high-resolution MM5
simulations capture the evolution and diurnal patterns
of NAMS rainfall for the summer of 2002? 2) Are the
rainfall diurnal variations over central Arizona, eastern
Mexico, and other areas basic features of NAMS resulting from different processes? 3) What are the major
deficiencies of model predicting NAMS summer rainfall?
2. Numerical modeling
a. Study domain
Three nested domains were used in the simulations
(Fig. 1). Domain 1 covers the whole United States, Mexico, southern Canada, Central America, the northern part
of South America, and the surrounding oceans with a
108-km horizontal grid mesh. Domain 2 covers Mexico,
western and central United States, and surrounding
oceans, including the eastern tropical Pacific Ocean and
the Gulf of Mexico, with a 36-km grid. Domain 3 is at
12-km resolution and covers the most active area of the
NAMS region, eastern Mexico, Texas, and Oklahoma.
b. Model physics
MM5 provides multiple options and schemes to represent a variety of physical processes. The most important scheme to choose for summer rainfall simulations is the convective parameterization scheme (CPS).
Many previous studies (such as Wang and Seaman 1997;
Warner and Hsu 2000; Gochis et al. 2002; Guichard et
al. 2003) suggested that, although performance may
vary with rainfall types and model configurations, the
Grell (1993) CPS produces reasonable rainfall patterns.
In this study, the Grell CPS with the simple ice explicit
moisture adjustment scheme (Dudhia 1989) was used.
Additional model physics schemes selected for the study
include the cloud radiation scheme (Dudhia 1989), the
Medium-Range Forecast (MRF) boundary layer scheme
(Hong and Pan 1996), and the NCEP–Oregon State University (OSU)–U.S. Air Force–National Weather Ser-

vice Hydrologic Research Laboratory (NOAH) land surface model (Chen and Dudhia 2001). The vertical coordinate of the MM5 is a terrain-following coordinate
system. In this study, 28 vertical sigma layers were employed from the surface to the top of atmosphere at 50
mb. From surface to top, the half layers are 0.9975,
0.9886, 0.9733, 0.9535, 0.9292, 0.8999, 0.8648, 0.8236,
0.7761, 0.7226, 0.6636, 0.6005, 0.5349, 0.4687, 0.4039,
0.3468, 0.2854, 0.2342, 0.1846, 0.1504, 0.1174, 0.0905,
0.0681, 0.0499, 0.0353, 0.0236, 0.0142, and 0.0051.
There are 10 layers below 700 mb.
c. Model initialization and forcing
The NCEP reanalysis data for June and July 2002
was used for model initialization and boundary forcing.
The reinitialization was conducted at 0000 UTC on the
first day of June and July and the forcing along the
boundary of domain 1 (D-1) was updated every 6 h.
In the simulation, the newly available, weekly 4.63km Moderate Resolution Imaging Spectroradiometer
(MODIS)/Terra SSTs were used to force the model water boundary instead of using the NCEP reanalysis skin
temperature. The MODIS sensor was designed with
higher sensitivity and better signal-to-noise ratio than
the predecessor Advanced Very High Resolution Radiometers (AVHRRs) onboard National Oceanic and Atmospheric Administration (NOAA) satellites. The
MODIS SST data is derived from two types of infrared
brightness temperature data sensed from the Terra platforms: one is retrieved from the midinfrared 3.8–4.1mm channels, and the other is from the thermal 11–12mm channels, respectively. For more details, see the
Web site http://modis-ocean.gsfc.nasa.gov. This replacement was based on three considerations: 1) the
MODIS radiometer was designed to improve its predecessor sensor. Therefore, MODIS SSTs were expected
to possess better quality. 2) MODIS SST data have high
spatial resolution, which can enhance the SST forcing
at the outer two computation grids. 3) preliminary studies (Gao et al. 2003) indicate that MM5 produced more
realistic monsoon rainfall when forced by MODIS SSTs.
d. Rainfall observation data
To evaluate the model results, two independent rainfall datasets are used as references. One is the NCEP
0.258 grid rainfall data (available at http://
www.cpc.ncep.noaa.gov/products/precip). The NCEP
data is interpolated from daily rain gauge measurements
(hereafter referred to as NCEP gauge data) and covers
the continental United States and Mexico. Therefore, it
has been used in many NAMS studies (Higgins and Shi
2001; Higgins et al. 1997, 1999). However, it should
be noted that, because of the mountainous topography
in Mexico and the southwest United States, the rain
gauges in the region are sparse and heterogeneous (more
gauges are located in accessible flat valleys than in the
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FIG. 1. Modeling domains. The numbers and letters identify locations that are discussed in text. The dashed
line indicates the Continental Divide.

mountains), which could affect the accuracy of the rainfall data. Satellite-based rainfall estimates from the Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks (PERSIANN) system (Hsu et al. 1997; Sorooshian et al. 2000, 2002) were
employed to compare rainfall over oceans and mountains and study rainfall diurnal cycles. The PERSIANN
data, retrieved from combined geostationary infrared
and TRMM microwave information, has a global coverage at hourly and 0.258 resolutions. As mentioned
above, both of these two rainfall datasets possess some
deficiencies; therefore, they were used in this study as
independent references, rather than absolute groundtruth data to analyze the model performance in reproducing monsoon rainfall. In addition to these two rainfall sources, the station hourly gauge data at several
selected locations were also employed to examine the
model performance.
3. Results
a. Monthly rainfall
Figure 2 compares three independent monthly rainfall
maps for June and July when the NAMS developed from
onset to maturity. In June, the model showed the leading
edge of heavy monsoon rain west of the Continental

Divide (bold dashed lines) extending northward to approximately location B in Fig. 1. The model forecast
nose of heavy rainfalls is between that of gauge data to
the south and that of PERSIANN farther to the north.
The PERSIANN estimates showed heavy rainfall (.180
mm month 21 ) extending north to about 308N, along the
SMO, and had the heaviest amounts. In the model and
gauge maps, heavy rainfalls were constrained to the
lower (southern) SMO. Apparently only light rainfall
(50–120 mm) fell in the mid-SMO during June. The
PERSIANN data also showed heavier rainfall over eastern New Mexico, Oklahoma, and most of Texas than
did the model and gauge data. The model produced
similar rainfall patterns over the eastern tropical Pacific
Ocean and offshore sea surface outside the southern and
western Mexican coasts, in comparison with the PERSIANN data, but overestimated rainfall over the Gulf
of Mexico and underestimated over southern Mexico
and the eastern Pacific relative to PERSIANN.
In July, all analyses show the monsoon rainfall had
moved northward along the SMO to Arizona. In general,
compared with gauge observations, the model agreed
reasonably well with the monsoon rainfall core over the
SMO and the southwestern United States. However, the
model results have some deficiencies. First, in early
July, abnormal storms occurred over southern Texas and
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FIG. 2. Monthly accumulated precipitation (mm) from different sources in Jun and Jul 2002. The gray dashed line indicates the leading
edge of region of heavy monsoon rainfall.

resulted in severe flooding. This event was recorded in
both gauge and PERSIANN rainfall maps, but the model
did not reproduce this severe storm event at the right
location. In the model, two severe storms were predicted
about 28 west and also 28 east of the actual storm, respectively. Furthermore, in southern Mexico, the model
underestimated the rainfall. Finally, the model underestimated rainfall, relative to PERSIANN, over the eastern Pacific Ocean and continued overestimating rainfall
over the Gulf of Mexico. The latter seems a common
problem that has been noted in other MM5 simulations
(e.g., Gochis et al. 2002), and we have examined reasons
for this recurring problem.
The PERSIANN tendency to overestimate over land
and underestimate over water could be attributed to the
following two reasons: 1) Garreaud and Wallace (1997)
suggested that rain estimation with IR data tends to
overestimate the areal extent and lifetime of the actual
convective systems because of the persistence of cold,
anvil cirrus clouds. Specifically, cloud tops over land at
the SMO could be very high and cold even after heavy
rains have ended. This could cause rainfall estimation
systems based on the height of the cloud top (IR brightness temperature), like PERISANN, to overestimate
rainfall. 2) On the other hand, IR satellite techniques

might underestimate rainfall over water from low-top,
relatively warm clouds. Previous studies have shown
that as much as 28% of the rainfall over tropical regions
is from relatively shallow and warm congestus clouds
(Johnson et al. 1999).
The results for both months (especially July) indicate
the model substantially overestimates convective rainfall
over the Gulf of Mexico in relation to PERSIANN estimates. Figure 3a shows the model forecast monthly
mean upper-air soundings for June and July at site 10 in
the Gulf of Mexico (see Fig. 1). In Fig. 3a, convective
available potential energy (CAPE), lifting condensation
level (LCL), and level of free convection (LFC) are indicated. LCL and LFC in the figure are both located at
about 940 mb, where the atmosphere was almost at the
saturation condition. Above the LFC, the positive buoyant energy (i.e., CAPE) could reach over 1000 J kg 21
while there was no negative energy [i.e., convective inhibition (CIN)] below the LFC. This modeled atmosphere
shows the potential for convective rain at any time of
day because the modeled atmospheric state was unstable
without CIN under LFC. Also, from the 3-h CAPE estimates (not shown), forecasted CAPE reached a maximum (.1100 J kg 21 ) from 0600 to 0900 UTC and
reached a minimum (,800 J Kg 21 ) from 1800 to 2100
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FIG. 3. (a) Modeled (left) Jun and (right) Jul mean upper-air sounding at (top) 1200 and (bottom) 0000 UTC from site 10. Wind vectors
are shown with half bars equal to 2.5 m s 21 . Dashed line indicates moist adiadatic trajectory for a parcel lifted from the surface. Crosshatched area indicates amounts of CAPE for the surface parcel, and ‘‘F’’ indicates LFC. (b) A comparison between modeled and observed
soundings at 0000 and 1200 UTC 7 Jul 2002. The wind vectors are shown with half barbs equal to 2.5 m s 21 . The model location was at
site 10 (refer to Fig. 10), while the observation was at Brownsville, TX (BRO; again refer to Fig. 1). Dashed line shows parcel trajectory
lifted from boundary layer. Gray-shaded area indicates negative energy or CIN, ‘‘C’’ indicates LCL, and ‘‘F’’ indicates LFC.
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FIG. 3. (Continued )

UTC. The buoyant energy was so high that the model
could easily generate precipitation over the area through
the Grell CPS. The Grell CPS would work to remove
the convective energy once the model atmosphere is unstable in a column. (For more details, readers can refer
to MM5 documents online at http://www.mmm.ucar.edu/
mm5/mm5-home.html.)
Figure 3b shows an example of two model forecast

soundings at site 10 and the simultaneous observed
soundings at Brownsville, Texas (BRO, which is located
just west of site 10), on 7 July 2002. The model-predicted soundings were similar to the monthly mean (Fig.
3-1), which was saturated at low layer and had positive
buoyant energy (CAPE . 1100 J kg 21 ) above the LFC.
The LFC was located at about 950-mb height with no
CIN below the LFC in the lower layer. This atmospheric
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TABLE 1. Number of days with rainfall in Jul 2002. Rain day mean
rainfall . 1.0 mm day21 . Gauge miss date: 15. PERSIANN missed
dates: 13, 14, 15, 20, and 31. The gauge data at sites 6 and 8 in the
figure are interpolated from near land.

1
2
3
4
5
6
7
8
9
10
11
A
B

Site

Gauge

PERSIANN

Model

(Flagstaff, AZ)
(Phoenix, AZ)
(Tucson, AZ)

8
3
8
22
23
16
24
23
24
13
12
18
15

14
7
11
23
24
8
24
14
15
4
8
22
13

15
6
12
25
25
12
31
22
6
28
14
21
9

(Amarillo, TX)

state generates rainfall easily within the model. However, the observed soundings indicate that there was
substantial CIN and an inversion and dry layer above
the marine boundary layer. In comparison with the modeling result, the observed soundings have these differences: 1) the LFC is higher, at about 700 mb; 2) CAPE
was lower (around 600–730 J kg 21 ); and 3) there was
CIN below the LFC. Under such conditions, convection
has difficulty developing because of the hostile dry layer
and CIN, and there was little observed rainfall in the
real world. This is a serious deficiency in the model
forecast thermodynamics that leads to a heavy bias in
the rainfall simulations over the Gulf of Mexico. This
deficiency could also influence the rainfall simulation
in the nearby regions of southern and western Mexico
and the Great Plains of the United States.
In southern Mexico (over site 9 in Fig. 1), the modeled atmosphere showed stable conditions with no
CAPE to support convection (not shown). In addition,
the mean precipitable water was less than 15 mm. These
simulated environments caused the underestimation of
rainfall in southern Mexico in July.
The model poorly simulated the day-to-day rainfall
for this long-term integration. Table 1 gives the numbers
of rain days at the specific sites (see Fig. 1) for July.
The gauge rainfall data is from 0.258 3 0.258 interpolation data (NCEP gauge data). The PERSIANN data
has the same resolution as NCEP gauge data. At site 1
(Flagstaff, Arizona), both PERSIANN and the model
slightly overestimated the number of rain days in comparison with the NCEP gauge data. This was the same
result for site 3 (Tucson, Arizona). At site 11 (Amarillo,
Texas), the model performed well in comparison with
the NCEP gauge data, but PERSIANN had relatively
low rainfall days. In the monsoon core areas (sites 4
and 5), both PERSIANN and the model performed well
on rainfall days. The model also had more rain days
over nearby mountainous locations (sites 7 and 9) in
comparison with NCEP gauge data, except at site 9. It
seems that both PERSIANN and the model can get rea-
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TABLE 2. Rain day statistics for Jul 2002.
Station gauge data

Site 1
Site 2
Site 3
Site 11

PERSIANN
Model
PERSIANN
Model
PERSIANN
Model
PERSIANN
Model

Hit

Miss

False

Correct
rejection

5
6
0
0
4
3
3
3

1
4
1
2
3
5
3
3

10
10
7
6
7
9
5
11

9
11
17
23
12
14
15
14

sonable or higher rain days in comparison with NCEP
gauge data in or near mountains, while over the lowelevation areas (sites 2, A, and B), results depend on
the specific locations.
PERSIANN had relatively low rain days over water
areas (sites 6, 8, and 10) in comparison with the NCEP
gauge data, while the model overestimated the rain days
over site 10. Again, it suggests that PERSIANN is underestimating rainfall over water areas.
To further evaluate the modeled daily rainfall performance, the day-to-day rain or no rain was examined
at the selected stations over United States using the socalled signal detection theorem (Jolliffe and Stephenson
2003). The model performance is classified into four
categories: 1) ‘‘hit’’—the model-predicted rain day
matches the gauge observation, 2) ‘‘false’’—the modelpredicted rain day has no rain in observation, 3)
‘‘miss’’—the model-predicted no-rain day is rain day in
observation, and 4) ‘‘correct rejection’’—the model predicted no-rain day is no rain in observation. Table 2
shows the scores in the four selected stations in the
United States in July 2002 comparing both the model
and PERSIANN results with the gauge observation. In
this table, the gauge data was from the point gauge
stations, while PERSIANN data is the same as in Table
1. Therefore, the rain days in Table 2 may be different
from those in Table 1 because the former were point
observed while the later were interpolated in the area.
The table indicates that the scores of both PERSIANN
and the model ‘‘hit’’ gauge observations are relatively
low in comparison with the total observed rain days
(i.e., the sum scores of hit and missing). The numbers
of ‘‘false’’ rain days were greater than or equal to the
total observed rain days. If the frequencies of the ‘‘correct rejection’’ are also considered as correct prediction,
the accuracy of both the PERSIANN and the model to
predict the real rain and no-rain days is 50% to 60%.
The results show that the model did not reproduce the
real-world rainfall observations very well in day-to-day
examination, although it did reasonably well at the
monthly time scale. These deficiencies are probably related to both the long forecast period following the initialization on the first day of each month and to inac-
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curate forecasts of the atmospheric thermodynamic
structure (refer back to Fig. 3).
b. Rainfall evolution
Figures 4a and 4b display 5-day-mean model forecast
soundings at 0000 UTC over sites A and B (see Fig.
1), respectively, during June, that is, the period of monsoon onset. At site A, CAPE was always present in the
5-day means, although it varied from 600 to 1800 J kg 21
at different time periods. The LFC occurred around 700
mb with little variation. CIN (gray-shaded area in Fig.
4a) existed but was very small during some periods in
June. This condition could cause the higher rainfall
probabilities there. The model forecast 13 rain days in
June at this location. This is reasonable because rainfall
begins in early June at that location (Higgins et al.
1999). Figure 4b demonstrates the following information: There was no potential for convection at site B
before 15 June. There was CAPE after 15 June but it
was relatively small (,750 J kg 21 ) in comparison with
that in Fig. 4b. This means the monsoon onset occurred
at site B on or about 15 June. This is consistent with
the climatological results. Also, at site B, LCL occurred
at about 880 mb and LFC occurred at about 650 mb,
with variation depending on the time period. Furthermore, there was always CIN (gray shaded in Fig. 4b)
over the lower boundary layer. CIN at site B was larger
than that at site A, and CAPE was less than that at site
A. These thermodynamics differences led to less model
rainfall over site B than that over site A (see Figs. 2
and 5).
Figure 4c is the modeled 5-day-mean sounding at the
Tucson (site 3) region in July 2002. The results show
that CAPE existed and there was potential for convection since the second time period. From the day-to-day
rainfall analysis, model rainfall began on 5 July 2002.
PERSIANN began recording rainfall on 9 July 2002,
while gauge had rainfall recorded on 8 July 2002. Figure
4d is the same as Fig. 4c except for the observed soundings. There are two differences between Figs. 4c and
4d: 1) the model CAPE was relatively small (200–600
J kg 21 ), beginning on 5 July, and ending on 20 July
(the model result shows no CAPE after 21 July) while
observed CAPE was relatively large (.750 J kg 21 ),
beginning on 11 July and continuing to the end of the
month. 2) The wind directions were different. Above
500 mb, the modeled winds were dry westerly most of
the time while the observed winds were southerly and/
or easterly after 11 July 2002. This modeled atmospheric
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condition resulted in no potential for convection after
21 July, while the gauge data recorded that there was
rainfall on 22, 23, and 27 July, and PERSIANN had
rainfall indicated for at least 8 days.
The evolution of NAMS precipitation is most visible
through the time series of rainfall distribution. In Fig.
5 detailed patterns of rainfall evolution are presented
for all 10-day intervals for June and July. The PERSIANN data are missing for 13, 14, 15, and 20 July.
The figure shows that monsoon rainfall progresses
northward from southern Mexico in early June, along
the western slopes of the SMO, reaching into Arizona
in early July. This characteristic is consistent with climatology based on long-term observations (Douglas et
al. 1993; Higgins et al. 1999). Additional characteristics
indicated by PERSIANN and the model include: 1) rainfall offshore southern Mexico expanded westward, and
2) rainfall over the eastern Pacific Ocean (west of
1068W) expanded northward. These variations are possibly related to the northward movement of the ITCZ
in the summer and interactions between sea and land
rainfall regions over the southern Mexico coast and
ITCZ rainfall (Sorooshian et al. 2002).
Figure 5 indicates that the model underestimated rainfall over northwest Mexico, Arizona, and New Mexico
after 21 July 2002. In Fig. 4c the model’s predicted
soundings for Tucson show the reason for this predicted,
but not observed, break in the monsoon north of 288N.
The model predicted a dry and stable environment during this period due to an intrusion of deep westerly
winds that did not occur.
This monsoon rainfall evolution was associated with
the northward expansion of the subtropical high (Carleton 1986). Figure 6 presents the mean geopotential
heights for 10 days for the same periods shown in Fig.
5. In early June, the high pressure center was located
in Mexico (near site B) with a maximum height of about
5860 m. The high pressure center shifted to southeastern
Arizona (close to site 3) during 21–30 June 2002 at
about 5900 m. At this time, the whole southwestern
United States and northwestern Mexico were dominated
by the subtropical high (see the 5880 line in Fig. 6).
The evolution of the synoptic pattern favors the northward movement of subtropical moisture into the southwestern United States and supports monsoon rainfall in
this region, as was noted by Bryson and Lowery (1955).
c. Rainfall diurnal cycle
1) DIURNAL VARIATION IN JUNE
The model rainfall diurnal cycles averaged every
3 h through the days in June are illustrated in Fig. 7a.

→
FIG. 4. (a) Modeled 5-day-mean sounding over location A in Mexico at 0000 UTC Jun 2002. The wind vectors are shown with half barb
equal to 2.5 m s 21 . Location: 23.178N, 1068W. Land use: wetland. Dashed line shows parcel trajectory lifted from boundary layer. Grayshaded area indicates the observed layer of CIN, ‘‘C’’ indicates LCL, and ‘‘F’’ indicates LFC. (b) Same as (a) but for location in Mexico
B at 0000 UTC Jun 2002. Location: 258, 1088W. (c) Same as (a) but for location 3 (i.e., Tucson, AZ) in Jul. (d) Same as (c) but for observed
sounding.
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FIG. 6. The 10-day-mean potential height at 500 mb. The contour interval is 20 m, and ‘‘X’’
indicates high center.

←
FIG. 5. Rainfall (mm day 21 ) evolution from different sources for 1 Jun 2002–30 Jul 2002, where A and B are sounding locations in Fig. 4.
Data that were equal to 0 are plotted as white color. The panel of PERSIANN during 11 Jul–20 Jul was plotted with only 5 days’ data.
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FIG. 7. (a) Modeling diurnal variations of rainfall in Jun 2002. The time is MST. (b) Same as (a) except from PERSIANN data.

Figure 7b shows the corresponding rainfall diurnal cycle
obtained from the PERSIANN rainfall estimates. In the
figures, time is mountain standard time (MST; 7 h behind
UTC). Although PERSIANN rainfall always seemed
higher than the model rainfall, the rainfall distribution
patterns show many similarities. The rainfall over all land
areas had minimum coverage and intensity in the morning
from 0500 to 1100 MST, and maximum coverage during
late afternoon from 1400 to 2000 MST. Over the northern
part of the Gulf of Mexico in domain 3, PERSIANN
estimates had high rainfall rates from 0200 to 1400 MST
while the model forecasted high rainfall rates from 0500
to 1700 MST. However, both PERSIANN and the model
estimates had no clear diurnal variation over the southern
part of the Gulf of Mexico in the study domain. The
rainbands along the eastern and western Mexican coasts
and the offshore rainfall over the neighboring sea surface
areas possessed strong, and inverse, diurnal signals in
both the model and the satellite data.
2) DIURNAL VARIATION AT SELECTED SITES IN
JULY
In July, the rainfall diurnal variations over Mexico,
Texas, and their surrounding oceanic areas had no sub-

stantial changes from the patterns of June. Therefore,
only the diurnal variations at specific sites are discussed.
The rainfall diurnal cycle curves at selected sites (see
Fig. 1) are plotted in Fig. 8. In the figure, all the times
are MST including the time at site 11 and the hourly
rain is equal to total hourly rain divided by the number
of rainfall days (see Table 1). In general, the PERSIANN
rainfall intensities were higher than model results over
land (sites 1, 2, 3, 4, 5, 7, and 11), but lower than model
prediction results over the water (sites 6 and 8). The
diurnal cycle of the gauge data is more distinct than
either PERSIANN estimates or the model results. Both
the model and PERSIANN estimates can reproduce the
tendencies of the rainfall diurnal variation, but there
were substantial differences in intensity and time.
The model predictions over land (sites 4, 5, and 7)
show 1–3 h earlier for beginning of rain and 1–3 h later
to reach peak, in comparison to PERSIANN estimates.
There are a few possible reasons for the time differences.
At the beginning of convection, the height of the cloud
top is low, and thus the PERSIANN system, in which
rainfall intensity highly depends on cloud-top brightness
temperature, diagnosed that there was less rainfall. On
the other hand, in Grell CPS, CAPE is gradually con-
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sumed, causing convection to be slow to reach its peak,
delaying the rainfall peak time. This may partly explain
why model rain amounts are smaller than PERSIANN
estimates.
However, over water (sites 6 and 8), rainfall was overestimated in the model in comparison to PERSIANN
estimates, although the tendencies of model rainfall variation were nearly the same as PERSIANN estimates.
In site 8, the rainfall occurs from early morning to noon.
The PERSIANN estimates occur about 1–2 h earlier
than the model results.
Sites 1, 2, and 3 in Fig. 8 were selected in Arizona
(see Fig. 1) because hourly gauge data were available.
The three sites represent three distinct regions of Arizona. Site 1 (Flagstaff, Arizona) represents high-elevation mountains; site 2 (Phoenix, Arizona) represents
low-elevation desert; and site 3 (Tucson, Arizona) represents southeastern mountain and desert regions of Arizona that are active in the monsoon. There are distinct
rainfall characteristics in these three regions. For example, Balling and Brazel (1987) reported that most
storms in the vicinity of site 2 occur in late evening and
nighttime (1900–2300 MST), while rainfall occurs

mostly in the afternoon at the other two sites. At site
1, the model-predicted rainfall begins after 1000 MST
and lasts to 1900 MST, with light rainfall intensity. PERSIANN rainfall begins after 1300 MST and lasts to 2300
MST, also with light intensity. The gauge rainfall, however, was very concentrated from 1400 to 1700 MST,
with strong intensity. Therefore, neither the model nor
PERSIANN captured the observed diurnal cycle well at
this site. At site 2, the model only generated very light
rainfall while PERSIANN and gauge measured a strong
diurnal signal. The PERSIANN diurnal cycle peaks early but has a similar start time to that observed. The
model did not perform well for this site. Over site 3,
the model reproduces patterns of the two rainfall peaks
from afternoon to evening. However, the amounts of
model rainfall were less than those of PERSIANN and
the gauge measurement. Furthermore, the rainfall beginning time was also different among the three sources.
Neither PERSIANN nor the model captured the rainfall
occurring in the early morning that the gauge measured.
The model did not forecast the amount of rainfall and
timing very well. The main reason could be that the
model ran for an entire month without reinitialization.
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FIG. 8. Modeled mean rainfall diurnal variation over selected sites
in Jul 2002. All the time in the figure is MST. The solid line represents
PERSIANN data, the dashed line represents the modeling results, and
the thin dashed line represents the gauge data.

Berbery (2001) suggests that because Arizona is in the
periphery of the monsoon region it is more challenging
for any numerical model to correctly predict summer
precipitation. However, the data for site 11 show that
neither PERSIANN nor the modeling results agree well
with the observation.
d. Model forecasts of diurnal circulations
Figure 9 presents mean modeling results showing
low-level (s 5 0.9535, about 500 m above ground level)
wind streamlines every 3 h in July 2002. Although the
figure only shows every 3 h, the nature of the streamlines were analyzed hourly. Even so, many local circulation patterns are clearly shown in the figure:
1) During 1200–1800 MST, the southerly wind over
the northern Gulf of California flows directly to
southwestern Arizona. From 2100 to 0300 MST, the
southerly winds become relatively weak. Meanwhile, there was westerly flow across the border of
California and Arizona to western Arizona. From
0600 to 0900 MST, there was no obvious southerly
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FIG. 8. (Continued )

wind directly from the northern Gulf of California,
but a distinct LLJ from the west of the SMO along
the coast flows into southern Arizona. These results
are consistent with the data analyses (Douglas and
Li 1996; Douglas et al. 1998) and previous model
results (Anderson et al. 2001). Such diurnal southerly
winds bring rich atmospheric moisture into the
southwestern United States.
2) Along the western coast of Mexico, sea breezes from
the Gulf of California, and eastern Pacific continue
from noontime (1200 MST) to midnight (0000
MST), bringing rich moisture to the western slope
of the SOM (Stensrud et al. 1995) and results in
heavy rainfall on the mountain slopes. However, no
land breeze from the coast to the gulf occurs. Thus
there is neither wind convergence nor rainfall over
the Gulf of California during the nighttime. From
night to early morning (0400–0900 MST), the dominant winds were parallel to the SMO from the central Gulf of California to southern Arizona, reaching
a maximum at about 0600–0700 MST.
3) Over the southern Mexican Pacific coast, sea breezes
from the ocean blowing inland to southern Mexico
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FIG. 9. Modeled mean wind streamline in Jul at the s 5 0.9535 level. The bald arrows indicate main wind directions and their diurnal
variations.

are present during 1200–1800 MST, and an inverse
land breeze existed during the late night and early
morning (0000–0700 MST). This complete seabreeze/land-breeze circulation enhanced the diurnal
rainfall pattern. The wind forecasts for June indicated no such clear sea-breeze/land-breeze circulation (not shown). In July, the model underestimated
afternoon convective rainfalls over southern Mexico
(see Fig. 2). The model’s rainfalls offshore from
south Mexico were triggered by the land breeze during the night.
4. Conclusions
Using a high spatial resolution (12 km) mesoscale
model, rainfall variations for June and July 2002 over
southwestern North America were simulated. The results indicate the following:
1) The model can generally reproduce rainfall pattern
matches in the NAMS core region on monthly scales
but cannot reproduce the day-to-day amounts in detail. This situation was severe especially over Texas

where the model incorrectly forecast the location of
the unusual heavy storm.
The model rainfall amounts were larger than the
gauge observations but less than the satellite-based
PERSIANN estimates over the SMO and Oklahoma.
Over water, the model-simulated rainfall agreed reasonably well with PERSIANN over the eastern tropical Pacific but overestimated the rainfall in the Gulf
of Mexico in both June and July. The overforecasts
were shown to be due to poorly forecast thermodynamic structures over the Gulf of Mexico.
2) Even using high resolution, just one-time initialization to predict for the following 30 days cannot
produce realistic evolution of day-to-day conditions
within the model.
3) The model simulated the rainfall northward evolution reasonably well in time and location in comparison with the gauge data and PERSIANN estimates from monsoon onset to maturity. The model
also indicated the northward shift and expansions of
the subtropical high from western Mexico into southeast Arizona.
4) Over Arizona (sites 1, 2, and 3), the model cannot
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capture either the diurnal pattern, rainfall intensity,
or timing very well. The model can reproduce rainfall diurnal patterns but not the accurate intensity
and timing in comparison with PERSIANN and the
gauge data over the other selected areas.
The mechanisms that resulted in the rainfall diurnal
cycle vary according to locations. Along the coastline,
such as the SMO, eastern Mexico, and southern Mexico,
the sea breeze and mountain–valley circulations are responsible for the rainfall diurnal cycle. The coastal landand sea-breeze circulations, the solar heating over sloping terrain, and diurnal changes in frictional drag of the
PBL induce diurnal variations in low-level convergence
that control the timing of convective precipitation during the summer.
While there are some deficiencies in this high-resolution simulation, the results indicate that for long time
periods of week to month, the predictions capture the
large-scale processes and precipitation associated with
the NAMS. Prediction of high-time-resolution details
probably requires much more frequent initializations
and many other improvements.
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