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ABSTRACT

In this study, observational and numericalmodeling analyses based on theWeatherResearch and Forecasting

Model (WRF) are used to investigate the impact of urbanization on heavy rainfall over the Milwaukee–

LakeMichigan region. The authors examine urban modification of rainfall for a storm systemwith continental-

scale moisture transport, strong large-scale forcing, and extreme rainfall over a large area of the upper

Midwest of the United States. WRF simulations were carried out to examine the sensitivity of the rainfall

distribution in and around the urban area to different urban land surface model representations and urban

land-use scenarios. Simulation results suggest that urbanization plays an important role in precipitation

distribution, even in settings characterized by strong large-scale forcing. For the Milwaukee–Lake Mich-

igan region, the thermodynamic perturbations produced by urbanization on the temperature and surface

pressure fields enhance the intrusion of the lake breeze and facilitate the formation of a convergence zone,

which create favorable conditions for deep convection over the city. Analyses of model and observed

vertical profiles of reflectivity using contoured frequency by altitude displays (CFADs) suggest that cloud

dynamics over the city do not change significantly with urbanization. Simulation results also suggest that the

large-scale rainfall pattern is not sensitive to different urban representations in the model. Both urban

representations, the Noah land surface model with urban land categories and the single-layer urban canopy

model, adequately capture the dominant features of this storm over the urban region.

1. Introduction

Urbanmodification of precipitation has been extensively

investigated in the past few decades. Observational and

modeling studies point to threemain classes ofmechanisms

that result in urban modification of precipitation: urban

heat island (UHI) effects (e.g., Bornstein and Lin 2000;

Dixon and Mote 2003; Oke 1982), urban canopy effects

(e.g., Chen et al. 2011a;Miao et al. 2009; Zhang et al. 2011),

and urban aerosol effects (e.g., Jin et al. 2010; Ntelekos

et al. 2009; Rosenfeld 2000). Surveys of urban pre-

cipitation modification research are presented in Lowry

(1998), Shepherd (2005), Collier (2006), and Shepherd

et al. (2010b).

The setting for examining urban modification of pre-

cipitation in this study is the Milwaukee, Wisconsin,
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metropolitan region, which is located along the western

boundary of Lake Michigan (Fig. 1). Previous studies

(see, e.g., Ntelekos et al. 2008; Shepherd et al. 2010a)

have pointed to the importance, and complexities, of

examining urban modification of precipitation along

major land–water boundaries like Lake Michigan. Pre-

vious research (Yang et al. 2013) has shown striking

spatial heterogeneities of rainfall over the urban core of

the Milwaukee region for flood-producing storms.

In this paper, we focus on numerical modeling studies of

a typical heavy rainfall event (see the descriptions in sec-

tion 3a) over theMilwaukeemetropolitan region on 22–23

July 2010 using the Weather Research and Forecasting

(WRF) Model. For this region, land–water interactions,

especially the local circulations induced by differential

heating, are a special focus of numerical modeling studies.

Ntelekos et al. (2008) found a pronounced impact of

Chesapeake Bay on the storm evolution and rainfall

distribution for an organized thunderstorm system

over the Baltimore metropolitan region. Shepherd et al.

(2010a) examined the role of the sea-breeze circulation

in the development of a convergence zone over the

western fringe of Houston, which is responsible for el-

evated precipitation. For coastal/lakeside cities, the heat

island circulation (HIC) can be an important factor for

the sea-/lake-breeze circulation. Ohashi andKida (2002)

showed that the nonlinear effects of costal urban regions

can increase the penetrating speed of the sea-breeze

front. Freitas et al. (2006) found that the UHI can pro-

duce a convergence zone in the center of S~ao Paulo,

Brazil, a coastal city, which then accelerates the propa-

gation of the sea breeze. Lo et al. (2007) and Lin et al.

(2008) obtained similar results over the Pearl River

delta region in China and northern Taiwan, respectively.

More recently, Carter et al. (2012) simulated a sea-breeze

day over Houston using WRF coupled with an urban

canopy model (UCM). Their findings reinforced the

aforementioned results. However, Keeler and Kristovich

(2012) analyzed the lake-breeze front propagation (dur-

ing April–September of 2005) through Chicago and its

FIG. 1. (a) Domain configurations

of the model and the observation

networks: (left) domains 1–3 with

(right) zoom on domain 3. Red box

in domain 3 denotes the urban focus

domain. Colors represent the eleva-

tion (m MSL) within the domains.

(b) Land use for the urban focus

domain.MMSD rain gauge locations

and Menomonee River gauging sta-

tion are shown. Two dashed black

boxes denote the urban core and ru-

ral area near the city, which are used

for analyses in section 5. Line A–B

crosses the urban core and is located

approximately 43.058N.
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surrounding areas (including Milwaukee) by means of

radar and surface observations. They found that the lake-

breeze front could be slowed because of the UHI effect.

Their conclusions are supported by Sarkar et al. (1998).

The contrasting response of lake- and sea-breeze circu-

lations in different settings to the UHI points to the need

for additional study.

Instead of examining storm systems that initiate and

develop in close proximity to the urban region (e.g.,

Miao et al. 2011; Shem and Shepherd 2009), we focus on

storm systems that have long lifetimes and produce

heavy rainfall over large areas. Shepherd et al. (2011)

provided detailed analyses of the Atlanta floods of 2009.

In that study, they pointed out the potential influence

of urban land cover interactions on the heavy flood-

producing rainfall event.

Yang et al. (2013) present analyses of 18 storms that

resulted in the largest flash floods in theMilwaukee region.

As noted above, one of the conclusions of that study is that

extreme flood-producing rainfall is concentrated in the

urban core of Milwaukee. The second conclusion of that

study (see also Smith et al. 2012; Thorndahl et al. 2013,

manuscript submitted to Atmos. Res.) is that storms that

produce flash floods in Milwaukee are organized thun-

derstorm systems that are heavy rainfall producers over

a large region of the upper Midwest. This motivates the

study of urban modification of rainfall for storm systems

with strong synoptic-scale forcing (see section 3 for details

on how we characterize strong synoptic-scale forcing).

The objectives of this paper are to examine the mech-

anisms of urban modification of rainfall under strong

synoptic-forcing conditions. We focus especially on the

interactions of the UHI and the lake breeze and their

possible roles in modifying the precipitation distribution

for organized convective systems. Our analyses are mo-

tivated by the following hypotheses: 1) urbanization plays

an important role in affecting the rainfall distribution by

altering the storm evolution, even under strong synoptic

forcing; 2) for the Milwaukee–Lake Michigan region,

the urban effect enhances the intrusion of the lake breeze

and facilitates the formation of convergence zone within

the city; 3) local urban forcing on atmospheric processes

affects local rainfall distribution, but the effects diminish

rapidly with distance from the urban area; 4) coupled

atmosphere–land surface modeling with either the Noah

land surface model (LSM; with simple urban treatment)

or Noah coupled with a single-layer urban canopy model

can capture the key impacts of urban terrain on storm

features quite well. The methodology used to examine

these hypotheses is based mainly on numerical simula-

tions with contrasting model configurations and physics

options. We also employed a storm-tracking algorithm

(Dixon and Wiener 1993) to examine Lagrangian

properties of both observed and simulated storms based

on 3D radar reflectivity fields. In addition, we synthe-

size properties of the ensemble of storms that pass over

the study region using the contoured frequency by al-

titude displays (CFADs; see Yuter and Houze 1995).

The paper is organized as follows. In section 2, we

introduce the study region, data, model configuration,

and experimental setup. Analyses of both observed and

simulated storm properties are presented in section 3. In

section 4, the model is validated through comparisons

with multiple datasets. We analyze and discuss the sim-

ulation results in section 5. A summary and conclusions

are presented in section 6.

2. Data and methodology

a. Study region, observations, and storm-tracking
algorithm

The complete study area covers the upper Midwest

of the United States (denoted as domain 1 in Fig. 1a).

Elevation ranges from less than 100 to more than 600m

MSL. TheMilwaukeemetropolitan area is located in the

center of the area, along the western boundary of Lake

Michigan. The Menomonee River basin drains a large

portion of the city, with a drainage area of 319 km2

(Yang et al. 2013). An ‘‘urban focus’’ domain was also

established (Fig. 1b), which centers over the urban area.

Detailed analyses will be given for this domain.

There are well-maintained observational networks in

the research area. Automated surface observing system

(ASOS) stations are distributed in domain 1 (26 sites),

which provide time series observations of air tempera-

ture and specific humidity (at the height of 2m) that we

use for model validation. The Milwaukee Metropolitan

Sewerage District (MMSD) maintains a network of 21

rain gauges. The rainfall observations are used for bias

correction of radar rainfall fields.

Three-dimensional volume scan radar reflectivity fields

were obtained from the KMKX Weather Surveillance

Radar-1988 Doppler (WSR-88D; see radar location in

Fig. 1) for the 22–23 July 2010 storm period. We used the

Hydro–Next Generation Weather Radar (NEXRAD)

system to convert the reflectivity fields into rainfall fields

with 15-min interval and 1-km spatial resolution (e.g.,

Smith et al. 2012; Wright et al. 2012). Bias correction was

implemented for the estimated rainfall fields as in Yang

et al. (2013).

In addition to rainfall estimation, 3D radar reflectivity

fields also played an important role in analyzing storm

properties. We used the Thunderstorm Identification

Tracking, Analysis and Nowcasting (TITAN) storm-

tracking algorithms (Dixon andWiener 1993) to examine
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the evolution of storm features for the life cycle of the

storm.

The velocity–azimuth display (VAD) algorithms of

Matejka and Srivastava (1991) are used to develop ver-

tical profiles of the horizontal wind fromKMKXDoppler

velocity observations at 5–6-min time intervals. We use

these observations to examine boundary layer winds

during the storm and to assess WRF simulations of

boundary layer wind profiles.

b. Model configuration

The WRF is a fully compressible, nonhydrostatic,

mesoscale model. The Advanced Research versionWRF

(ARW) version 3.3was used in this study. Three one-way

nested domains were developed (as shown in Fig. 1).

The horizontal grids are 100 3 100, 181 3 172, and

250 3 250, with horizontal grid spacing of 9, 3, and

1 km, respectively (Fig. 1). The outer domain covers the

upper Midwest of the United States, while the inner

domain (domain 3) centers over the Milwaukee metro-

politan area and includes a portion of Lake Michigan.

The vertical grids contain 55 sigma levels, and the upper

boundary is set at 100 hPa. The time steps for the three

domains are 30, 10, and 10/3 s, respectively. Initial and

boundary conditions for all the simulations are provided

by the North American Regional Reanalysis dataset

(NARR; see http://www.emc.ncep.noaa.gov/mmb/rreanl/

for more details) with 32-km spatial resolution and 3-h

temporal resolution.

We also incorporated high-spatial-resolution (30m)

land use data [National Land Cover Data (NLCD); see

http://www.mrlc.gov/nlcd2006.php for more details] into

themodel. This dataset has four urban categories—open

space, low intensity, medium intensity, and high in-

tensity (see Fig. 1b)—and provides better representa-

tion of urban surface properties than earlier land cover

datasets. In addition, the new land use dataset provides

the necessary urban parameters (e.g., albedo, building

height, and roughness length) for the single-layer UCM

(Chen et al. 2011a; Kusaka et al. 2001). The physics

options used in the model are summarized in Table 1.

Details and additional references for these options can

be found inWRF’s user manual (Skamarock et al. 2008).

c. Experimental setup

Three different runs were implemented in this study.

For the control run, we use all the physics options and

domain configurations as shown in section 2b and Table

1. For the second run, the UCMwas turned off, with the

other physics options and domain configurations kept

the same as the control run. This simulation will be re-

ferred to hereafter as the NOUCM run. In this run,

a simple urban treatment (the bulk roughness approach)

was used in the default Noah LSM (Chen and Dudhia

2001a,b). The difference between NOUCM and control

run lies in the calculation of the surface fluxes over an

urban grid. When UCM is not used, the urban grid is

treated as 100% pervious (with urban properties) by the

Noah LSM; on the contrary (UCM is used, as in control

run), the grid is the combination of impervious and

vegetated surfaces. The UCM is coupled to Noah

through a parameter ‘‘urban fraction’’ (Chen et al.

2011a). The Noah LSM treats the nonurban part (veg-

etated surfaces of the grid), while the UCM calculates

surface fluxes for the impervious surfaces.

A NOURBAN run was also developed for which all

urban land in the city was replaced with cultivated crops,

one of the dominant land use types in the vicinity of the

city. All of the simulations are initiated at 0000 UTC on

21 July 2010 and run until 0000 UTC on 25 July 2010.

3. The 22 July 2010 storm over Milwaukee

a. Rainfall and flood

The 22–23 July 2010 storm produced extensive rainfall

over the states of Iowa, Illinois, andWisconsin, especially

along the Wisconsin–Illinois border. This rainfall event

caused serious flood damage in Wisconsin, and the total

loss for southern Wisconsin was about 27.7 million U.S.

dollars, with 24.1 million inMilwaukee County alone (see

http://www.crh.noaa.gov/mkx/?n5072210_severe).

The storm total rainfall field developed from bias-

corrected Hydro-NEXRAD rainfall fields is shown in

Fig. 2a. There is a narrow band of heavy rainfall ex-

tending from west to east along the Wisconsin–Illinois

border, and the maximum value was more than 270mm.

The accumulated rainfall of this event has almost the

same spatial pattern as that of the 21 August 2002 event

in the same region (Thorndahl et al. 2013, manuscript

submitted to Atmos. Res.). In addition, Thorndahl et al.

(2013, manuscript submitted to Atmos. Res.) compared

TABLE 1. WRF physics options.

Physics Option

Microphysics WRF single-moment 6-class

microphysics scheme

Boundary layer scheme Yonsei University scheme

Longwave radiation Rapid radiative transfer model

scheme

Shortwave radiation Dudhia scheme

Surface layer Monin–Obukhov scheme

Cumulus

parameterization

None

Surface urban physics Single-layer UCM

Land surface Noah LSM

Land use NLCD 2006
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other statistics of this rainfall event (including the con-

tributing areas with different heavy rain rates, accumu-

lated rainfall amount within different time intervals, and

spatiotemporal correlation structures) with other severe

storm events based on a sample of the 50 largest storm

events over Wisconsin during 1996–2010 (see Table 1 of

their paper). The spatiotemporal properties of this event

match the characteristics of the heavy storm events over

Wisconsin. Maddox et al. (1979) found that most flash

floods from intense rainfall events in the Great Plains

were related to convective storms that moved over the

same area repeatedly. These storms were positioned near

themidtroposphere, large-scale ridge position. The 22–23

July 2010 storm event in this study reflects the general

features of heavy rainfall systems over this region (e.g.,

Thorndahl et al. 2013, manuscript submitted to Atmos.

Res.) and is one of the typical flash flood–producing

storms over the Milwaukee region (Yang et al. 2013).

If we take a close look at the total rainfall field over

the urban focus domain, a narrow rain belt can be

observed over the northern boundary of the city, ex-

tending from west to east (Fig. 3). The maximum storm

total accumulation of approximately 90mm was located

over the northwestern boundary of Milwaukee.

The maximum rainfall rate averaged over the 319 km2

region was approximately 60mmh21 and occurred be-

tween 2100 and 2200 UTC on 22 July. The discharge at

the Menomonee River stream gauging station reacted

rapidly to the rain impulse and reached its peak within

3 h (figure not shown). The peak unit discharge at this

gauging station was approximately 1m3 s21 km22, which

is the third largest flood peak in the past decade (2000–

2010; see Yang et al. 2013 for more details).

b. Synoptic environment

The synoptic environment at 1200 UTC on 22 July

2010 preceding storm development was characterized by

high pressure over the southeastern United States and

strong moisture transport around the high-pressure ridge

into southern Wisconsin (figure not shown). Isentropic

FIG. 2. Storm total rainfall fields (mm): (a) based on bias-corrected radar rainfall field under the umbrella of the KMKXWSR-88D radar

station (see Fig. 1 for location), (b) simulation results from the control, (c) NOUCM, and (d) NOURBAN runs.
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analyses based on NARR reanalysis fields (Fig. 4) illus-

trate large-scale moisture transport and support for ver-

tical motion over the region of heavy rainfall. In Fig. 4 we

show specific humidity, wind, and pressure fields on the

315-K isentropic surface (defined as a surface of constant

potential temperature) for the period from 0900 UTC on

22 July to 0300 UTC on 23 July.

The storm period was characterized by continental-

scale transport of moisture to the heavy rainfall region

of Wisconsin (Fig. 4). Preceding the initiation of heavy

rainfall (see 1500 UTC analysis shown in Fig. 4b), the

315-K isentropic surface shows a humidity maximum of

13 g kg21 in Nebraska, ‘‘upstream’’ of the region that

subsequently experienced heavy rain. The region of

peak humidity was linked to strong moisture transport

into the heavy rainfall region, as shown in the wind field

for the 315-K surface. Parcels moving from the region of

peak humidity to the heavy rainfall area experienced

substantial isentropic lift, reflected in the decrease in

pressure from more than 750 hPa in the humidity max-

imum to less than 650 hPa over Milwaukee (Fig. 4). The

gradients of pressure on the 315-K surface increased

over the course of the storm period (Fig. 4; in particular,

note the 2100 UTC analyses in Fig. 4c). Wind speed in

the moist conveyor belt was about 20m s21 over Ne-

braska, Kansas, Iowa, and Wisconsin at 2100 UTC. This

strongmoist flowwas the direct cause for thewidespread

storms and floods in the upper Midwest of the United

States.

The prestorm environment was also characterized by

a large region of high convective available potential

energy (CAPE). In Fig. 5, we show the CAPE field at

15 UTC from the NARR reanalysis. There are large

north–south gradients in the CAPE field with values of

2000 J kg21 just south of the Wisconsin–Illinois border

decreasing to values less than 500 J kg21 in southern

Wisconsin.

c. Storm characteristics

We examined the structure, motion, and evolution of

the 22–23 July 2010 storm using the TITAN storm-

tracking algorithms. The track of the principal storm

element affecting the Milwaukee metropolitan region is

shown in Fig. 3, which is based on the centroids locations

of the storm volume. The storm initiated in northwest-

ern Wisconsin and propagated to the southeast, passing

through the Milwaukee metropolitan region between

2040 and 2200 UTC on 22 July. There was a slowing and

an alteration of direction over the northern part of the

city, and the location corresponds to the heavy rainfall

region as revealed in the shaded background total

rainfall field.

FIG. 3. Storm total rainfall (mm) over the urban focus domain for the 22–23 July 2010 storm

based on bias-corrected Hydro-NEXRAD rainfall fields. The short black line near the top left

and the triangles represent the tracks of the storm cells passing through the urban area.
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Figure 6 shows the temporal evolution of the storm

elements based on four storm variables. Maximum re-

flectivity increased gradually, exceeded 60 dBZ when

the storm approached the city and remained above

60 dBZ for the rest of the storm life cycle. The height of

maximum reflectivity was increasing, and the average

height is 6 km. It varied with the height of the echo top,

which was also increasing, and the average top height

was 12 km with a maximum of 18 km, which occurred

around 2200 UTC on 22 July (figure not shown). The

increasing echo top height is an indication of strong

convection (see Smith et al. 1996 for similar storm-

tracking analyses). The storm speed exhibited small

variation and large values, with an average speed of

approximately 70 kmh21. The dominant storm motion

direction was southeasterly during this period. The

storm system experienced increased frequency of splits

and mergers, as reflected in the time series of the

number of simple tracks (simple storms that have no

splits or mergers), as it passed the urban area. Our re-

sults are consistent with the study of Niyogi et al. (2011),

who examined 91 summertime thunderstorm cases over

FIG. 4. Synoptic conditions at (a) 0900, (b) 1500, and (c) 2100UTC 22 July and (d) 0300UTC 23 July on the 315-K isentropic surface.Wind

velocity (full barb 5 10m s21), specific humidity (shaded, kg kg21), and pressure (contours, hPa, interval 50 hPa).
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Indianapolis. They found 60% of the storms change

structure as they pass the urban area and storms tend to

split closer to upwind urban region and merge downwind.

4. Model validation

The control simulation (Fig. 2b) captured key elements

of the extreme rainfall distribution for the 22–23 July

2010 storm. In Fig. 2b, we show the accumulated rainfall

distribution over domain 3 for the control run. The nar-

row band of extreme rainfall along theWisconsin–Illinois

border is well captured, as compared to the bias-

corrected radar rainfall field (Fig. 2a). The maximum

value for the simulation, 300mm, is slightly larger than

the maximum accumulation in the radar rainfall analysis.

The mean bias, root-mean-square error (RMSE), and

spatial correlation between the radar and WRF sim-

ulation rainfall fields are 28.1, 36.6, and 0.46mm,

respectively. The spatial correlation is statistically sig-

nificant at the 95% confidence level. In addition, the

model simulation captured large-scale features of the

storm environment, especially the features controlling

extreme moisture transport from the Gulf of Mexico to

the heavy rainfall region (figure not shown).

We also provide comparisons of storm structure be-

tween observed and simulated reflectivity fields for

three time periods (Fig. 7). The model captures the

timing and organization of the storm well, with only

a small time offset between the model and observed

fields. The magnitudes of the radar reflectivity field are

underestimated by the model, which will produce less

precipitation, as will be discussed below.

Three indices are chosen to validate the simulation

results of surface air temperature and specific humidity,

forwhichwehave continuous observations from26ASOS

stations covering the entire storm period (Table 2). The

time series are separated into two subseries: daytime pe-

riod [0800–2000 local time (LT)] and nighttime period

(2000–0800 LT of the following day).

In general, nighttime simulation results are somewhat

better than daytime results for the two surface variables.

Simulated specific humidity time series are more con-

sistent with the observations during the daytime than

nighttime, while the opposite is true for air temperature.

Both air temperature and specific humidity are generally

overestimated in the model, which likely plays a role in

the overstimulation of rainfall at a larger scale (Fig. 2b).

The evolution of the vertical wind profile in the lower

atmosphere is illustrated in Fig. 8a through hourly VAD

wind profiles derived from KMKX Doppler velocity

observations. The VAD wind is interpolated onto the

same vertical levels as used in the model simulations

(Fig. 8a). The wind is predominantly from northwest

before the onset of the storm, but veers to southerly at

lower levels (below 1500m) and southwesterly at higher

levels (above 1500m) on 22 July when the storm ap-

proached the region. The wind speed at levels above

1500m exceeds 25m s21 for portions of the storm and is

FIG. 5. CAPE (J kg21) at 1500 UTC 22 July 2010 based on NARR field. Black box denotes the

location of Wisconsin–Illinois border area.

268 JOURNAL OF HYDROMETEOROLOGY VOLUME 15



about 15m s21 on average for the entire period. Model

simulations exhibit similar evolution of wind profile

characteristics (Fig. 8b). Although the wind speed is

underestimated in the levels above 1500m on 22 July

and the direction is more southerly in the model rather

than southwesterly at the end of the day, the pattern

matches with the VAD wind profile quite well in lower

levels (below 1500m) during the entire period.

Time series of simulated hourly rain rate averaged

over the urban area (Fig. 9) are generally in good

agreement with observations. The timing of peak rain

rate agrees well with the bias-corrected radar observa-

tions. The magnitude of peak rainfall rate is somewhat

underestimated in the model simulation and the mag-

nitude of the underestimation is dependent on the de-

tails of the land surface model representation (see

section 5 for additional details).

In addition to direct comparisons of model and ob-

served rainfall, we examined evolution of the simulated

storm based on storm-tracking analyses using the TITAN

algorithms. In Fig. 6, we compare simulated time series of

maximum reflectivity, height of maximum reflectivity,

storm speed, and number of storm elements (simple

tracks) with observed time series based on 3D volume

scan reflectivity observations. The analyses in Fig. 6 are

presented for the dominant complex track (storms that

include all simple tracks within the entire lifetime of the

storm) passing over theMilwaukee region. The simulated

storm is somewhatmore intense than the observed storm,

especially as the storm approaches the urban area. The

simulated storm has peak reflectivity values between 65

and 70 dBZ; the observed storm has sharply increasing

peak reflectivity values with peak values of approxi-

mately 65dBZ over the urban area. Although the maxi-

mum reflectivity simulated by the model is higher than

the radar-based results, the height of maximum re-

flectivity is well simulated (Fig. 6b). Height of 45-dBZ

echo top (figure not shown) is approximately 13km in

both observations and simulation. Both the number of

storm elements (i.e., simple tracks in TITAN) and the

storm speed are well simulated by the model, with con-

sistent trends and identical values (Figs. 6c,d). The sim-

ulated precipitation flux in the model simulation (figure

not shown) is larger than the observations because of

storm area being larger in the simulation than in obser-

vations. Instead of concentrating the rain zone over the

city, themodel spreads rain to a larger area in and around

the city.

FIG. 6. Time series of (a) max reflectivity (dBZ), (b) height of max reflectivity (km), (c) number of simple tracks (dimensionless), and

(d) storm speed (kmh21) for the storm. Shaded area highlights the period when the storm is passing the Milwaukee metropolitan area

from 2040 to 2200 UTC 22 July. Black line represents the tracking results based on the observed radar reflectivity, while the dots are from

the generated reflectivity field of the WRF control run. The interval for the time coordinate is 1 h.
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In general, the storm structure as well as its evolution

is well represented by the model simulations. Validation

analyses suggest that numerical experiments in whichwe

perturb surface parameterizations can provide useful

insights into the urban modification of rainfall.

5. Model simulation results

Analyses in this section are based on three simulations

for the 22–23 July 2010 storm. In addition to the control

simulation examined in the previous section, we present

results from two simulations representing modification

to the land surface parameterization (see discussion of

experimental setup in section 2). The NOURBAN sim-

ulation represents pre-urban conditions in theMilwaukee

region. The NOUCM simulation is used to illustrate the

contrast between two representations of land surface

processes in urban regions.

Time series of latent heat and sensible heat flux

(Figs. 10a,b), spatially averaged over the urban area (de-

noted as the black box over the city in Fig. 1b), highlight

the most striking contrasts among the three simulations.

Peak diurnal values of latent heat flux for theNOURBAN

simulation are more than twice as large as the corre-

sponding values for the NOUCM simulation. The situ-

ation reverses for sensible heat flux. Latent heat and

sensible heat flux time series for the control simulations,

which include the UCM, are between the extremes of

the NOUCM and NOURBAN simulations. Timing of

the minima and maxima in the diurnal cycle of latent

heat and sensible heat fluxes are the same for the three

runs. Unlike the peak magnitudes during daytime, there

FIG. 7. Storm evolution represented by the reflectivity field (dBZ, at the height of 4.6 km) from (top) KMKX radar observations and

(bottom) WRF simulations. Three snapshots during the evolution: (left) 1900, (middle) 2000, and (right) 2200 UTC 22 July.

TABLE 2. Verification statistics for the WRF simulations with the observations by ASOS stations. These statistics are averaged for the

whole simulation period (from 0000 UTC 21 July to 0000 UTC 25 July) and averaged for all the stations within the domain.

Mean bias RMSE Correlation

All Day Night All Day Night All Day Night

Air temperature (K) 0.55 0.92 0.17 2.25 2.53 1.87 0.81 0.68 0.76

Specific humidity (g kg21) 0.45 0.94 20.04 1.90 2.07 1.65 0.73 0.80 0.66
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are not substantial differences for the nighttime fluxes.

The differences of the heat fluxes (sensible and latent

heat flux) are similar to previous studies (e.g., Shem and

Shepherd 2009; Zhang et al. 2009).

For the NOURBAN scenario, the urban land in the

city was replaced with cultivated crops, which produce

greater soil moisture availability and evapotranspiration

(Fig. 10a), while for the two urban runs (control and

NOUCM), albedo is smaller than for the NOURBAN

run, which results in larger net incoming radiation. The

differences in latent and sensible heat flux between the

control and NOUCM run can be attributed to the differ-

ent urban representations in the model. In the NOUCM

run, the bulk roughness approach is used for each urban

grid, which results in overestimation of the urban heat flux

compared to the single-layer UCM (Fig. 10b).

For surface air temperature and specific humidity, the

differences between the control run and NOUCM run

are not as large as the differences between the two urban

runs andNOURBAN run (Figs. 10c,d). This implies that

these variables are more sensitive to surface properties

than to details of the urban representations in themodel.

Time series of skin temperature averaged over the urban

area for three runs (Fig. 10e) illustrate themagnitude of the

UHI effect. The two urban runs (control and NOUCM)

produce skin temperature values that are 4–5Khigher than

skin temperature values for the NOURBAN run during

the middle of the day. There is not, however, a big differ-

ence between the control and NOUCM run. We examine

the UHI effect as the difference of spatially averaged skin

temperature over urban and rural areas (denoted as two

black boxes in Fig. 1b). With this definition, the NOUCM

UHI effect is a little larger than theUHI effect for control

run (Fig. 10f). The difference of skin temperature for the

two urban runs is about 4–6K during the day and 0–2K

during the night.As expected, theNOURBAN run yields

skin temperatures over the modified land that are, on

average, equal to the rural temperatures. We used skin

temperature to be the proxy of UHI rather than air

temperature, simply because it is amore direct variable to

depict the radiation properties of land surface (Jin 2012;

Jin and Dickinson 2010). The UHI intensity in our study

is slightly higher than the results of previous studies (e.g.,

Bornstein and Lin 2000; Niyogi et al. 2011).

FIG. 8. Time series of horizontal wind profiles at the KMKXWSR-88D station: (a) VAD and (b)WRF profiles. Vertical arrows represent

southerly wind with the other directions in a clockwise order. Wind speed (m s21) is represented by the various colors.

FIG. 9. Time series of hourly rain rate (mmh21) averaged over

urban region (denoted by the black box over the city in Fig. 1b).

The interval for the time coordinate is 6 h.
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In Fig. 11 we show cross sections of vertical wind

profiles along lineA–B (denoted in Fig. 1b) at 2100UTC

on 22 July, which is right before the onset of the storm

over the city. Strong updrafts were located over the

western fringe of the city for the two urban runs, with

peak vertical wind velocities of more than 3.5m s21 in

some regions (Figs. 11a,b). For the NOUCM run, this

updraft was paired with a strong downdraft to the east of

the cross section, while a weaker downdraft zone was

located to the west of the inland urban boundary in the

control run. Both urban runs included strong updrafts

over the urban area, in contrast to the NOURBAN run

(Fig. 11c). There are also strong contrasts between the

surface pressure fields between the two urban runs and

the NOURBAN simulation (Fig. 12). Compared to the

two urban runs, the NOURBAN run exhibits a higher

sea level pressure field over the urban area (Fig. 12c).

Our findings are consistent with the study of Shepherd

et al. (2010a). They found similar vertical motion and

pressure fields. The pressure field perturbation is linked

to surface convergence and vertical motion fields over

the urban area, as discussed below.

Because Milwaukee is located along the western

boundary of Lake Michigan, the lake-breeze dynamics

play a role in the formation of convergence zones. In

Fig. 13, we show cross sections of the vertical profile of

the lake breeze along line A–B (see Fig. 1b) at 2100UTC

on 22 July (prior to the period of peak rainfall, as in

FIG. 10. Time series of the control, NOURBAN, and NOUCM runs for (a) latent heat flux (Wm22), (b) sensible heat flux (Wm22),

(c) air temperature at 2m (K),(d) specific humidity at 2m (kgkg21), (e) skin temperature (K), and (f) difference of skin temperature (K)

between urban and rural region. All these variables except (f) are spatially averaged over the urban region (denoted as the black box over

the city in Fig. 1b). The interval for the time coordinate is 12 h. Only 0000 UTC of each day is labeled on the coordinate.
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Figs. 11, 12). Although the wind field at a larger scale is

southwesterly at this time (Fig. 8), the lake-breeze in-

trusion can still be seen along this cross section.

The penetration of the lake breeze reached the inner

land boundary of the city for the two urban runs (Figs.

13a,b). For the control run, the penetration forms a

wedge-shaped region in the cross section, while the re-

gion is much wider in the NOUCM run, attaining a

height of more than 1200m. This is in agreement with

the higher sensible heat flux simulated in the NOUCM

run, which should generate a stronger lake breeze. For

the NOURBAN simulation, the lake breeze does not

penetrate inland over the urban area of Milwaukee. An-

other noticeable feature of the cross-sectional wind pro-

file is that the westerly wind in the NOURBAN run is

stronger than for the twourban runs (Fig. 13). Thismay be

caused by urban roughness effects (Cheng andChan 2012;

Chen et al. 2011b) or the counteraction of the strong lake-

breeze intrusion with the background wind from inland.

Lake-breeze intrusion enhances the low-level conver-

gence zone over the urban area and provides favorable

conditions for convection. Figure 14 shows the low-level

(960 hPa) water flux field 1h before the occurrence of

peak rain rate. There is a convergence zone over the

FIG. 11. Cross sections of the vertical wind profile along line A–B (see Fig. 1b) at 2100 UTC 22 July for three runs: (a) control,

(b) NOUCM, and (c) NOURBAN. Shading represents the magnitude of the vertical wind (m s21) and the black horizontal bar is the

location of the urban area.
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northwestern boundary of the city, extending to the

northeast in the control run. For the NOUCM run, the

convergence zone is located within the city boundary.

In contrast to the urban runs, the convergence zone is

concentrated northeast of the city for the NOURBAN

simulation.

Water flux convergence zone is coupled with peak

rain rate zone, as revealed in Fig. 14. Maximum hourly

rain rate wasmore than 80mmh 21 for the NOUCM run

and about 60mmh 21 for the control run over the urban

area. The storm center was shifted away from the city in

NOUBAN run, although peak rain rates were compa-

rable to the urban runs.

Thermal properties of urban surfaces and the result-

ingUHI effect are important elements of theMilwaukee

rainfall anomaly (see Yang et al. 2013 for analyses of

the Milwaukee rainfall anomaly). Changes of surface

properties and urban representations in the model pro-

duce a large perturbation in skin temperature, which is

directly related to the surface heat flux. Elevated surface

temperatures and strong sensible heat flux promote

development of surface pressure perturbations that in-

teract with the lake-breeze circulation of Lake Michi-

gan. The feedback of updrafts, which reduced surface

pressure, enhances the lake-breeze intrusion, which is

initiated by the lake–land thermal gradients. The con-

fluence of lake breeze and inland wind facilitates the

formation of the low-level convergence zone, which

supports the development of deep convection. Both ur-

ban runs produced distinct convergence zones and high

peak rain rate over the urban area. In contrast, the storm

center was shifted away from the city inNOURBAN run.

Model simulations suggest that urbanization does not

significantly alter the dynamics of precipitating cloud

systems, as reflected in the ensemble of vertical profiles

of reflectivity over the urban area. In Fig. 15a, we show

the CFADs (see Yuter and Houze 1995) of simulated

reflectivity fields from the control simulation over the

Milwaukee metropolitan region (denoted by the black

box over the city in Fig. 1b) during the time period from

1800 to 2300 UTC on 22 July. The CFAD for the

NOURBAN run (Fig. 15b) exhibits slightly broader

reflectivity distribution in themiddle of the troposphere,

but otherwise, there are not sharp contrasts between the

control and NOURBAN simulations. We include the

CFAD for the larger land domain (the control run) in

Fig. 15c for reference.

The distributions of total rainfall do not exhibit no-

ticeable differences at a larger scale. As illustrated in

Fig. 2, the accumulated rainfall distributions have the

same pattern for all three runs, with maximum value

(about 300mm) located along the Wisconsin–Illinois

border and much wider rain belts compared to the radar
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rainfall field. The total rainfall distribution at a larger

scale is not sensitive to the local-scale differences of

surface properties and urban representations.

6. Summary and conclusions

In this paper, we examine a storm that produced heavy

rainfall (storm total accumulations exceeding 80mm)

and flash flooding in Milwaukee. The area of heavy

rainfall in Milwaukee was embedded in a much larger

region of extreme rainfall over the upper Midwest of

the United States, with peak accumulations exceeding

300mm. Observational and numerical modeling experi-

ments are used to examine urban impacts on rainfall for

a storm system with strong large-scale forcing and ex-

treme rainfall over a large region. Major findings are

summarized below.

1) The control simulation with WRF captures key ele-

ments of the rainfall distribution for the 22–23 July

2010 storm, including the elongated region of peak

rainfall (exceeding 300mm) along the Wisconsin–

Illinois border, rainfall accumulations overMilwaukee,

and timing of peak rainfall over Milwaukee. The

structure and evolution of storm characteristics are

also captured in the control simulation, as represented

by storm-tracking analyses of observed and simulated

3D reflectivity fields.

2) Analyses of NARR reanalysis fields and WRF simu-

lations show that continental-scale moisture transport

was a key element of the heavy rainfall distribution

over the upper Midwest for the 22–23 July 2010 storm

system. Isentropic uplift along the plume of moisture

transport provided support for development of deep

convection over the heavy rainfall region.

3) Even under conditions of strong large-scale forcing

described in item 2 above, urbanization can alter the

local distribution of heavy rainfall. Two sensitivity

experiments (NOUCM and NOURBAN) were car-

ried out to examine the role of urbanization for heavy

rainfall distribution under large-scale forcing. The two

urban simulation cases produce a strong urban heat

island (UHI) perturbation on temperature and pres-

sure fields in the atmospheric boundary layer. These

features enhance the intrusion of lake breeze, which

facilitates the formation of convergence zone and

provides favorable conditions for deep convection

over the urban region. The surface skin temperature

over the urban area is 5K higher than the rural area to

the west of Milwaukee.

4) Analyses of vertical structure of reflectivity for the

simulated storms using contoured frequency by alti-

tude displays (CFADs) suggest that urbanization does

not alter the dynamics of thunderstorm cells that pass

over the urban region. These results point to the

primary role of atmospheric boundary layer processes

in determining urban impacts on heavy rainfall.

5) The large-scale rainfall pattern is not sensitive to

local-scale urban forcing as represented by the Noah

LSM and urban canopy model in the NOUCM and

control simulations. The storm total rainfall distribu-

tion for the three simulations show negligible differ-

ences in the region of heavy rainfall. However, our

results also revealed the importance of proper urban

representations in capturing the dynamics of sensible

and latent heat flux, as supported by previous studies

(Chen et al. 2011a; Carter et al. 2012). Since only one

case is examined in this study, caution should be

exercised when generalizing the results. Future stud-

ies should examine a broader sample of rainfall events

FIG. 15. CFADs (color shading represents frequency in percent). Reflectivity from (a) control run, (b) NOURBAN run over urban region

(denoted as the black box over the city in Fig. 1b), and (c) control run but over a larger land domain.
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with different synoptic conditions and should further

test the impact of urban representations on rainfall

distribution. In addition, aerosol–cloud interactions

should be examined for the Milwaukee region to

assess the effects of urban aerosol on deep convection

and heavy rainfall (as in Ntelekos et al. 2009).
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