
Annual
82% of Upwind Control Region URRs are < 1.0

50% of the Urban Zone URRs are > 1.0
88% of Urban Impacted Region URRs are > 1.0

The Houston Urban Center is located near Galveston Bay, 
about 30 km inland from the Gulf of Mexico.  The warm 
prevailing near-surface flow is predominantly southeasterly 
(i.e., sea breeze driven). However, for steering flow and 
upwind-downwind delineation, the 700 hPa (mb) surface is 
most critical.  We have analyzed the robust climatalogical 
record of the NCAR-NCEP reanalysis dataset and found that 
the mean 850-700 hPa flow is roughly from 230° (South-
Southwest).  Therefore, we align our reference coordinate 
system along the 230° vector (see coordinate system figure).
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Research Hypothesis
The central Houston Urban District and regions to the north 
through east exhibit enhanced rainfall amounts relative to 
sectors southwest of the city.
Possible mechanisms include:

• Enhanced convergence zone created by Houston UHI-Sea 
Breeze-Galveston Bay Interaction in subtropical environment

• Enhanced convergence due to increased surface roughness 
and destabilization due to UHI-thermal perturbation of the 
boundary layer.  UHI-induced convection is translated 
downstream by prevailing flow or mesoscale circulations on 
the rural-urban interface create an enhanced convergence 
zone with the prevailing south-southwest flow in the 
downwind sector

• Enhanced aerosols in Houston urban environment provide 
robust supply of cloud condensation nuclei (CCN)

Summary
A collaborative research effort has produced interesting results.  A 
robust analysis of TRMM PR data found elevated mean rainfall rates 
within and northeast of Houston, consistent with the research 
hypothesis. Further analysis of rain gage records corroborated these 
findings and further elucidated the urban influence on warm season 
convective rainfall and the diurnal rainfall pattern.  On-going work 
related to this project includes:

Urban Influence on Rainfall
During urbanization natural land covers are removed and replaced 
by buildings, roads, parking lots, sidewalks, and other impervious 
surfaces.  One effect of this conversion is the modification of the 
land-atmosphere interaction.  Impacts to the land-atmosphere 
dynamics are manifested in modified temperature and moisture 
profiles (e.g., Oke 1987), augmented precipitation patterns (e.g., 
Changnon 1968; Braham et al. 1981; Changnon 1992; Shepherd et 
al. 2002), and wind perturbations and enhanced turbulence (e.g., 
Fernando et al. 2001).

The urban influence on rainfall is caused by one or a combination 
of four factors:

Downscaling Analysis

Rain Gage Data Analysis

• Analysis of the impacts of urbanization on rainfall by 
investigating temporal trends in the rainfall records

• Numerical modeling of the sea breeze-UHI interaction to 
clarify the causative factors of the urban rainfall anomaly
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TRMM PR Data Analysis
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Theoretical Coordinate System Defining Upwind and Downwind 
Regions Based on Mean Annual 700 hPa Steering Flow from 

1979 to 1998 (Following Shepherd et al. 2002)

UR: Upwind Region
UIR: Urban Impacted Region

The orange ellipse 
approximates the 
Houston Metropolitan 
Area.  The ellipse has a 
100 km horizontal 
diameter and 50 km 
vertical diameter.  The 
Westernmost boundary 
of the UR is 150 km 
from the orange ellipse.  
The Easternmost 
boundary of the UIR is 
100 km from the orange 
ellipse.

TRMM PR Mean Rainfall Rate (mm/hr)
January 1998 to May 2002 (excluding August 2001)

Urban Rainfall Ratio (URR)
URR = Mean Gridpoint Rainfall Rate / Mean Background Rainfall Rate 
Calculated for Houston Coordinate System (1/98 to 5/02, excluding 8/01)

Rain gages within 250-km of Houston: 121 Houston Flood Alert, 230 
NCDC daily, 86 NCDC hourly, and 32 NCDC 15-minute

Rain Gage Data Analysis: 
Diurnal Variation

1. Enhanced thermal mixing due to Urban Heat Island (UHI)
2. Increased turbulence and mechanical mixing due to 

increased aerodynamic roughness created by tall buildings
3. Modified low-level atmospheric moisture, potentially 

caused by augmented water and energy budgets or water 
vapor releases from stacks and cooling towers

4. Increased concentrations of cloud condensation nuclei 
(CCN) from automobiles and industry

For further information contact Marshall Shepherd 
(shepherd@agnes.gsfc.nasa.gov) or Steve Burian 
(sburian@engr.uark.edu)

The downscaling analysis concept involves identifying and 
quantifying urban rainfall anomalies at progressively smaller 
space and time scales.  The process entails three steps:

1. Define the Upwind Region (UR), Urban Area, and Urban 
Impacted Region (UIR) based on the mean 700 hPa steering 
flow (see Shepherd et al. 2002).

2. Analyze Tropical Rainfall Measuring Mission (TRMM) 
Precipitation Radar-derived (PR) rainfall rates within the 
UR, Urban Area, and UIR and identify rainfall anomalies.

3. Downscale in space and time by using ground-based radar 
and rain gage data to analyze at a finer resolution the urban 
impact on spatial and temporal rainfall patterns.

Average annual rainfall contours (mm, for 1984-1997) generated by 
interpolating between the rain gages within 250-km of Houston.  
Selected gages include 152 total records (63 Flood Alert System, 75 
NCDC daily, 12 NCDC hourly, and 2 NCDC 15-minute gages). 

The NCDC hourly and 15-minute rain gage records were 
analyzed further to determine the distribution of rainfall 
throughout the day (17 gages had sufficient records).  The raw 
rainfall data were summed into four time periods: (1) Midnight to 
6 AM, (2) 6 AM to Noon, (3) Noon to 6 PM, and (4) 6 PM to 
Midnight.  The first bar chart below shows the mean fraction of 
daily rainfall during the warm season that falls during each time 
period.  The data plot indicates that the highest fraction of rain 
falls during the Noon to 6 PM time period in the Urban Area and 
the UIR.  Additional analysis of the data found that on average 
198 mm and 143 mm of rain falls from Noon to Midnight during 
the warm season in the Urban Area and UIR, respectively, 
compared to 94 mm of rain in the UR.  This represents an 
increase of rainfall during that time period of approximately 
110% in the Urban Area and 52% in the UIR.  The second bar 
chart below shows the mean number of occurrences of rainfall 
during each time period for the warm season.  The data indicate 
that there are nearly two times as many occurrences of rainfall 
from Noon to Midnight in the Urban Area compared to the UR.

Shepherd et al. (2002) was one of the first (and 
possibly the first) attempts to identify rainfall 
modification by urban areas using satellite-based 
rainfall measurements from the TRMM PR, the 
first space-based rainfall radar.  This analysis is 
more robust than similar analyses in Shepherd et 
al. (2002) because this analysis includes 52 months 
of data.  The satellite data used in the analysis is 
0.5 resolution PR rainfall rates.  Rainfall rates are 
computed using standard radar reflectivity to 
rainfall rate or Z-R relationships. The spatial 
distribution of the rain rates  (to the right) indicates 
the highest rain rates near Houston to be North 
through East of the downtown area.  These results 
are consistent with the hypothesis and with 
previous work that found rainfall rate anomalies 
30-60 km downwind of the urban area. It is also 
similar to recent lightning findings by Orville et al. 
(2001) who found elevated lightning flash densities 
over and NE of Houston

Each grid cell is 0.5°
square (~ 55-km)

Parameter (1984-1997) UR Urban 
Area UIR

Mean Annual Rainfall (mm) 1070 1201 1326
St. Dev. of Annual Rainfall (mm) 140 95 148
Mean Warm Season Rainfall (mm) 274 333 279
St. Dev. of Warm Season Rainfall (mm) 45 26 63

The third step in the downscaling analysis process is to analyze higher 
spatial and temporal resolution datasets to flesh out the rainfall 
anomalies identified within and nearby the urban area by the TRMM PR 
data analyses (see above).  Rain gage data were obtained from the 
National Climatic Data Center (NCDC) and the City of Houston  Office 
of Emergency Management.  Rain gages that were within 250-km of 
downtown Houston were initially selected for further analyses (see 
figure to the right).   Mean annual rainfall totals for gages with 
sufficient data coverage from 1984-1997 were computed (see contour 
plot to the right).  The contour plot shows moderate deviations of the 
contours in the vicinity of the Houston Metropolitan Area.

In Houston convection is the predominant type of rainfall process 
during the warm summer months (June, July, and August).  Convective 
rainfall is the type commonly influenced by UHI.  Therefore, further 
analyses were performed on the warm season data.  The side-by-side 
plot of annual and warm season spatial rainfall distribution presents 
visual evidence that the warm season rainfall totals are more influenced 
by the urban area than the annual totals.  One might argue that coastline 
curvature could enhance convergence in the anomaly regions (see 
McPherson 1970), however, the curvature of Galveston Bay is such that 
sea-breeze convergence would be reduced not increased.

The rain gages within the Upwind Region (UR), Urban Area, and Urban 
Impacted Region (UIR) were extracted and analyzed to corroborate the 
findings from the TRMM PR data analysis.  The data table to the right 
indicates that the UIR and Urban Area experience approximately 24% 
and 12%, respectively, greater mean annual rainfall and approximately 
2% and 22%, respectively, greater mean warm season rainfall than the 
upwind area.

Mean Fraction of Daily Rainfall Occurring During 6-hour Increments 
Warm Season (1984-1997)

1/1998 – 5/2002 
(excluding 8/2001)

6/1998 – 7/2001
Warm Season 
(June, July, August)

Mean Number of Occurrences of Rainfall During Each Time Period 
Warm Season (1984-1997)

Warm Season
100% of Upwind Region Ratios are < 1.0
100% of the Urban Zone URRs are > 1.0

72% of Urban Impacted Region Ratios are > 1.0

< 1.7 mm/h

1.7-2.2 mm/h

2.2-2.7 mm/h

2.7-3.2 mm/h

3.2-3.7 mm/h

> 3.7 mm/h

2.0-2.75  mm/h

< 2.0 mm/h

3.5-4.25 mm/h

4.25-5.0 mm/h

2.75-3.5 mm/h

> 5.0 mm/h

Annual: 52 Flood Alert, 61 
NCDC daily, 7 NCDC hourly, 
and 1 NCDC 15-minute rain 
gages

Warm Season: 52 Flood 
Alert, 58 NCDC daily, 11 
NCDC hourly, and 2 NCDC 
15-minute rain gages
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GOES 3.9 micron channel 
indicating warm UHI perturbations 
in Texas (left) and typical UHI 
pattern (below) 

Mean Lightning Flash 
Densities for 12 years)

1.5-2.0 mm/h

> 3.0 mm/h

2.0-2.5 mm/h

< 1.5 mm/h

2.5-3.0 mm/h
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Grey Circle = Houston Urban 
District

Mean TRMM Rainfall Rates along TX 
coast, illustrating anomalies near 
urbanized Houston area. This suggests 
that sea-breeze and bay forcing (found 
throughout the coast) is not sufficient 
cause alone of rainfall anomalies.
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