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ABSTRACT

The relationship between convective precipitation and cloud-to-ground (CG) lightning is examined over
a study area in southwest Arizona and northwest Mexico. Using seasonal-to-daily and hourly time resolution,
the National Climatic Data Center (NCDC) stage IV precipitation product and the U.S. National Lightning
Detection Network lightning data have been analyzed with the aim of developing an improved understanding
of the relationship between these variables. A Gaussian method of spatially smoothing discrete lightning
counts is used to estimate convective rainfall and improve the quality and spatial coverage of radar-derived
precipitation in areas of complex terrain. For testing the dependence of the relationship between CG lightning
and precipitation, a precipitation ‘‘sensor coverage’” analysis has been performed. If locations that have poor
sensor coverage are excluded, R? between lightning and precipitation improves by up to 15%. A comple-
mentary way to estimate convective precipitation is proposed based on 1-h lightning occurrence intervals,
which is the maximum time resolution in this study. We find that ~67% of the seasonal 2005 precipitation over
the analysis domain is associated with CG lightning. Daily precipitation estimates are improved by specifying
a “‘diurnal day” based on the diurnal maxima and minima in precipitation and CG lightning within the do-
main. Our method for improving quantitative precipitation estimation (QPE) using lightning is able to track
and estimate convective precipitation over regions that have poor sensor coverage, particularly in both air
mass storms and large multicellular events, with R? up to 70%.
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and agriculture (e.g., Grecu and Krajewski 2000; Todd
et al. 2001; Krajewski and Smith 2002). On the conti-
nental-to-global scale, QPE can help characterize the
lower-atmosphere energy budget and surface runoff
(Sorooshian et al. 2005). On smaller space and time
scales, QPE is a critical component in short-term
forecasts (nowcasting) of flash floods, landslides, and
other extreme weather events (e.g., Todd et al. 2001;
Krajewski and Smith 2002). Rain gauges and weather
radars are currently the standard datasets for observation-
based QPE; however, each method has inherent weak-
nesses. Rain gauges provide an in situ measurement, but
relatively poor spatial coverage, especially in remote areas
where they are widely separated. Geostatistical methods
employing gauges, terrain, and climatology may be used
to improve areal QPE, the accuracy of which depends
on season, accumulation period, and the density of stations
[e.g., Parameter-elevation Regressions on Independent
Slopes Model (PRISM); Daly et al. 1994]. Radar in-
directly estimates areal QPE using a given reflectivity and
rain rate (Z—R) relationship. While radar data can pro-
vide better spatial coverage than the rain gauges, its ac-
curacy is affected principally by the presence of ice in
the radar beam, evaporation of rain falling from rela-
tively high altitudes (e.g., Crosson et al. 1996; Fulton
1999; Morin et al. 2005), and variation in the Z—R rela-
tionship (e.g., Foote 1966; Smith and Krajewski 1993;
Morin et al. 2005).

It has been possible to combine both techniques and/
or seek alternative methods and technologies in order to
improve QPE (Stellman et al. 2001; Xie and Arkin 1995;
Kursinski and Zeng 2006). Use of satellite data is one
possibility that should be briefly mentioned. Satellite-
derived precipitation estimates are not accurate at high
space resolution (less than 0.5°) and the spatial coverage
is limited by the satellite orbit (Anagnostou 2004). Since
one of the goals of this research is to improve QPE on
the mesoscale appropriate for characterization of thun-
derstorms, satellite data are unfortunately inadequate.
Therefore we are practically limited to in situ pre-
cipitation gauge data and radar data for QPE. Consid-
ering both of these data sources, poor coverage in areas
of complex topography is a problem since 1) most of the
dense gauge networks are located in populated urban
areas, not in rural mountainous regions and 2) there is
terrain blockage of the radar beam. The terrain beam
blockage issue has been described by Maddox et al.
(2002) for operational National Weather Service radar
sites, as shown in Fig. 1. Note that in the western United
States the coverage is poor at 2 km AGL (Fig. 1a) and
1 km AGL is nonexistent over %3 of the landmass at Fig.
1b as compared to the central and eastern United States.
The major U.S. cities in the intermountain west with
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populations greater than 1 million (Denver, Phoenix, Salt
Lake City, Albuquerque, Tucson, Las Vegas, and El Paso)
are all located near mountain ranges where terrain beam
blockage is a problem. In the Tucson weather forecast
office (WFO)), lightning information is used in a subjective
way to locate convective storms and compensate for ter-
rain blockage, but not for quantitative estimation of rain-
fall rates. In this study, we consider the southern Arizona
area that includes Tucson (Fig. 2) located in a basin and
surrounded by mountains of varying elevation on all sides.
Can lightning data possibly augment the QPE for
convective rainfall in areas of complex terrain? We pro-
ceed on the premise that the answer is affirmative and if
so, this may potentially improve short-term QPE in the
western United States (e.g., nowcasts of flash flooding).
A statistically significant relationship between cloud-to-
ground (CG) lightning and convective precipitation is
physically explained by the fact that the cloud electrifi-
cation process requires supercooled water, ice particles,
and larger, heavier graupel to coexist in a region expe-
riencing moderately high updraft velocities (Takahashi
1990; Petersen and Rutledge 1998). Lightning is thus in-
variably accompanied by precipitation during most of the
life cycle of a lightning-producing cell (e.g., Battan 1965;
Petersen and Rutledge 1998; Gungle and Krider 2006).
Decades of observational evidence (e.g., Lhermitte and
Krehbiel 1979; MacGorman et al. 1989; Wiens et al. 2005;
Latham et al. 2007; MacGorman et al. 2008) and recent
modeling studies (e.g., Baker et al. 1995; Latham et al.
2004; Mansell et al. 2005) have established that the rate of
all lightning discharges (i.e., intracloud discharges plus
cloud-to-ground flashes) is strongly correlated with the
rate of cloud electrification, and that the latter is con-
trolled by the convective cycles, the updraft mass flux,
and the mass of ice-phase precipitation. Also, Reap and
MacGorman (1989) and MacGorman et al. (2008) have
suggested that the rates of CG flashes are typically not
correlated with the storm severity or the updraft in-
tensity, but rather are correlated with the formation of
precipitation and its descent to lower levels of the storm.
In general, prior work (e.g., Battan 1965; Petersen and
Rutledge 1998; Gungle and Krider 2006) has shown that
a strong but somewhat variable statistical relationship
exists, likely suitable for operational forecast applica-
tion of a lightning-augmented QPE. This correlation
between lightning and precipitation, with respect to
temporal and spatial resolution, has not yet been ex-
plored in depth. The work presented here is one of the
first studies that compares cloud-to-ground lightning
with ground level multisensor precipitation. We di-
agnostically assess the lightning—precipitation relation-
ship for a given event and over a single season in order to
show efficacy in the intermountain west. The paper is
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FIG. 1. Coverage of the Weather Surveillance Radar-1988 Doppler (WSR-88D) network at
heights of (a) 2 and (b) 1 km AGL (from Maddox et al. 2002). The location of the Tucson
NEXRAD radar (KEMX) is indicated by arrows.

organized as follows: in section 2, the research area and
data are discussed; section 3 describes the methodology
employed in the study; then, section 4 shows the results
for the 2005 season, including hourly, daily, and diurnal
analysis along with a storm case study. Section 5 presents
discussion and conclusions and planned future work.

2. Research area and data

a. Spatial domain and general meteorological
conditions

The Next Generation Weather Radar (NEXRAD)
radar site (KEMX) for the study is located near Tucson,
Arizona, and provides varying quality coverage in the
study area enclosed by 30.914°-32.4566°N latitude and
—109.731°-111.445°W longitude. In this initial demon-
stration study of our methods, we analyze only the 2005
summer [June-August (JJA)] season. This region re-
ceives about half of its annual precipitation during the
North American monsoon in late summer (Douglas et al.

1993; Adams and Comrie 1997). Average precipitation
during the summer months is approximately 150 mm,
per the climatological record of the Tucson weather
service forecast office (WSFO). Monsoon convective
precipitation requires deep lower-tropospheric moisture
and elevated topography for initiation of thunderstorms
(Zehnder et al. 2008; Adams and Souza 2009). Con-
vective clouds build over the high terrain, beginning in
the late morning or early afternoon, driven by the di-
urnal mountain—valley circulations. In Tucson, these are
mainly the highest mountains to the north and east of
the city—the Catalinas and the Rincons, respectively.
Most of the convective precipitation occurs in the
mountains and less at lower elevations (e.g., Castro et al.
2007). Depending on the large-scale environment (e.g.,
Maddox et al. 1995), monsoon thunderstorms may grow
and propagate off the terrain in late afternoon and/or
trigger the development of (typically) new thunder-
storms in lower elevations by outflow boundaries (e.g.,
Smith and Gall 1989). Though typically not as strong as



1858

JOURNAL OF HYDROMETEOROLOGY

VOLUME 13

FIG. 2. Southern Arizona topography and roads. Inset provides an expanded view of the Tucson basin. Note that there are mountains in all
directions around Tucson.

their counterparts in the central United States, meso-
scale convective systems (MCSs) in Arizona during the
monsoon have the same salient characteristics, with
leading lines of heavy precipitation followed by a much
larger area of light and steady precipitation in a trailing
stratiform region (e.g., Houze et al. 1990). Because of
the presence of substantial stratiform precipitation,
consideration of MCSs poses a challenge for developing
a single method for incorporating lightning data in QPE,
as will be discussed in section 6.

As previously mentioned in the introduction, QPE in
the Tucson region is substantially affected by radar
beam blockage. The majority of the precipitation that
occurs over the surrounding mountains cannot be mea-
sured by radar alone. For example, Fig. 3 (next sub-
section) shows the Hydrometeorological Automated
Data System (HADS) and the Tucson Automated Local
Evaluation in Real Time (ALERT) rain gauge networks
(black asterisks) that contribute to the stage IV (ST4)

dataset and the coverage of the KEMX radar station.
The white regions do not have sensor coverage based on
our criteria (discussed later). Coincidentally, the areas
of beam blockage also have very sparse rain gauge
coverage (particularly to the southwest of the KEMX
radar), because most of the gauges are located within the
Tucson metropolitan area. The coverage shown in Fig. 3
reflects approximate density of the gauge network, since
not all HADS sites are operational, and additional
gauges could be used in some locations.

b. Precipitation data

The NCEP ST4 precipitation dataset is a U.S. national
multisensor analysis that is built from the regional mul-
tisensor analyses of 12 conterminous United States
(CONUS) River Forecast Centers (RFCs; Lin and
Mitchell 2005). Every RFC produces its own analysis
using the algorithm proposed by Fulton et al. 1998 and
Fulton (1999) for multisensor data and employs some
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FIG. 3. Steps for producing coverage analysis for the ST4 grids (black asterisks indicate the gauge location; black star indicates the
KEMX radar location): (a) count of radar tilts below 1000 m AGL; (b) number of rain gauges per grid; and (c) union of (a) and (b)—for

this case, white star is the KEMX radar location.

manual quality control (Lin and Mitchell 2005). Each
RFC carries out their analysis using the corresponding
NEXRAD Weather Surveillance Radar station(s) and
the HRAD rain gauges in their domain at two time res-
olutions: 1 and 6 h. Subsequently, NCEP produces a na-
tional ‘“‘composite” (mosaic) dataset with the same time
resolutions, as described by Lin and Mitchell (2005). The
final national products are 4 km space resolution polar
stereographic grids every 1 or 6 h for the whole conti-
nental United States and surrounding areas (for this study
we converted to an 8-km latitude—longitude grid).

c. Lightning data

The CG lightning data have been provided by the U.S.
National Lightning Detection Network (NLDN). This
network consists of about 113 Improved Performance
from Combined Technology (IMPACT) sensing an-
tennas located throughout the continental United States
(Cummins and Murphy 2009). The typical separation
between sensors is roughly 300 km, and a single lightning
discharge is typically seen by six or more sensors. Com-
bining two parameters from each sensor (time of arrival
and magnetic direction), the NLDN provides the flash
locations with median location accuracy of ~0.5 km and
a time accuracy of ~1 us (Cummins et al. 1998; Cummins
and Murphy 2009). According to Biagi et al. (2007), the
NLDN detects over 90% of the CG flashes in southern
Arizona and it is a particularly useful tool for this study.

d. Topography data

Topography data were utilized to analyze radar the
spatial coverage provided by the KEMX NEXTRAD
radar. The Digital Terrain Elevation Data (DTED)

developed by the National Imagery and Mapping
Agency (NIMA) was used as the digital elevation model
(DEM). For DTED, the elevation is given in meters above
mean sea level (MSL). Its accuracy is =50 m in the hori-
zontal and =30 m in the vertical. The horizontal latitude—
longitude resolution is 30 arc seconds (~1000 m).

3. Methodology
a. Correlation analysis

There is a demonstrated relationship between con-
vective precipitation and CG lightning (e.g., Battan
1965; Petersen and Rutledge 1998; Gungle and Krider
2006). At higher time and space resolutions, studies have
shown that lightning events are located in the vicinity of
elevated, high-reflectivity radar echoes where high pre-
cipitation volumes occur during short time intervals
(Reap and MacGorman 1989; Tapia et al. 1998). For this
study, hourly ST4 precipitation data have been in-
terpolated from polar stereographic coordinates onto
a geographic latitude—longitude grid with a 8-km grid
mesh and are represented here as the variable P. Then,
NLDN lightning first strokes (CG flashes) are accumu-
lated over the same space and time resolution as ST4
data for the months of June, July, and August 2005. For
some of the analysis, ““‘smoothed” lightning counts are
employed, as described in the following subsection (3b).
Finally, a criterion to separate the precipitation ex-
plained by lightning (PEL) and the precipitation not
explained by lightning (PNEL) has been applied. The
methodology employed for separating the types of
precipitation is explained in subsection 3d.
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With regards to the underlying relationship between
CG lightning and convective rainfall, some studies have
shown a significant correlation employing a linear re-
lationship (Piepgrass et al. 1982; Petersen and Rutledge
1998; Gungle and Krider 2006; among others), while
some others have preferred a power-law relationship
(e.g., Battan 1965; Cheze and Sauvageot 1997; Saylor
et al. 2005). Theoretical work by Latham et al. (2004)
indicates that the power-law exponent should depend on
the glaciation mechanism. When glaciation is produced
by primary nucleation, this relationship is theoretically
linear (exponent = 1). Saylor et al. (2005) carried out
a survey of these different methodologies and found that
those studies that used a linear relationship to correlate
“bulk” parameters like rain rate, rain mass, or rain
volume showed high variability in the relationship (rain
yields) from storm to storm. They argued that it is more
useful to include the dependence of lightning on the
drop size distribution (Fher et al. 2005; Soula and Chauzy
2001; among others). Additionally, several studies have
shown that flash polarity has a role in the relationship
under conditions where a fraction of flashes have posi-
tive polarity. As will be discussed in section 4, for our
domain, a linear relationship shows statistical signifi-
cance with no dominant nonlinearity. Therefore, it was
not necessary to use a more complicated power-law re-
lationship. Additionally, no more than 1% of the CG
flashes for the analyzed MCSs were found to be positive
for this study, hence we only consider the total number
of CG flashes, regardless of the polarity.

For this study, regression analysis between P and L
has been carried out in two ways. First we compared the
precipitation per grid P;; for a given period of time
(where i and j represent the grid latitude-longitude
position) with the number of CG lightning flashes for the
same grid L;;. In this case, the number of points in the
regression is equal to the number of grids (with light-
ning) in the analysis domain. The other approach was to
relate the total amount of precipitation P(¢) within the
23 000-km? domain area, as a function of time, with the
total number of CG lightning flashes L(z); in this case,
the number of points in the regression equals the num-
ber of time steps (with lightning) over the analysis in-
terval. Then, the statistical significance of the correlation
coefficient is evaluated through a Student’s ¢ test.

b. Gaussian convolution

A simple linear regression between precipitation and
lightning can be used to determine the ‘“‘precipitation
yield” (mm flash~' or m® flash™!). However, preci-
pitation and CG lightning flash counts are continuous
and discrete variables, respectively. A precipitating con-
vective cell can show regions with intense precipitation
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and this pattern generally decays outward from the
convective core in a continuous way, particularly if
the precipitation is derived from a Z-R relationship. On
the other hand, lightning flashes occur discretely and
therefore maps of short-term lightning count fields are
spatially discontinuous. However, other studies have
shown that CG flashes frequently have multiple ground
contacts. For instance, Stall et al. (2009) reported more
than 50% of multistrokes negative CG flashes have
multiple ground contacts, and the mean separation be-
tween the ground contacts for southern Arizona was
about 2.6 km. This spatial ““spread” of a CG flash, cou-
pled with the inherent errors in the lightning locations,
supports obtaining a more spatially continuous repre-
sentation of CG lightning strikes as described below.

Instead of representing a CG flash at a single-point
location, lightning occurrences are convolved with
a two-dimensional Gaussian distribution and integrated
to the 8-km ST4 grid. Figure 4 visually illustrates these
steps. Figure 4a shows the individual first-strokes loca-
tions (white dots), superimposed on the Gaussian
lightning count distribution at 0.5-km resolution, and
Fig. 4b shows the same distribution on the coarser ST4
grid.

¢. Gauge and radar coverage

There are two important considerations for the area
covered by radar: 1) terrain blockage of the radar beam
and/or 2) a radar beam that is too high above ground
level (AGL) to accurately represent precipitation on the
ground. The latter consideration takes into account
suggestions by our colleague Dr. Robert Maddox—an
expert in both radar meteorology and severe weather—
who provided consultation on this work. Dr. Maddox
suggested that radar-derived precipitation should be
considered within only 50 km of the radar site. To en-
sure reliable radar precipitation estimates, only pixels
for which at least one radar beam angle comes within
1 km of the surface are considered as ‘“‘covered.” This is
even a less restrictive criteria than that suggested by Dr.
Maddox. The total radar coverage (TRC) is the matrix
resulting from the addition of coverage matrices for the
five lowest radar tilts, each with values of either 0 (not
covered) or 1 (covered). The TRC matrix is upscaled
using a nearest-neighbor method averaging to the spa-
tial resolution of ST4 precipitation data. For radar, if we
have TRC > 1 (at least two tilts below 1000 m AGL),
then this grid is considered covered.

The rain gauge coverage (RGC) matrix is simpler
than the TRC. A grid is considered covered if it contains
at least one gauge. The total coverage is given by the
union of the grids covered by radar and rain gauges.
Figure 3 visually shows the steps of the coverage analysis.
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FIG. 4. Gaussian spatial smoothing of lightning flashes. (a) Gaussian convolution of flash locations (white dots);
(b) Gaussian data integrated to the ST4 spatial resolution. [scale bar in Gaussian counts (G.C.).]

By the end of the process, only ~30% (109/360) of the
total grids in the domain are considered to have good
coverage. Note that the grid points with coverage are
located either very near the radar site itself (black star;
white star in 3c), in the region with multiple radar tilts, or
at rain gauge sites at relatively low elevations off the
peaks of the terrain.

The procedure described above is an approximation
to the digital hybrid scan terrain compensation method
used in stage IV because 1) the actual process includes
several radars, 2) owing to occasional failure the number
of rain gauge stations may change for some time periods,
3) there may be other gauges that are not included, and
4) our AGL height requirement is quite strict. Since
most supplementary stations are close to the city, this
“good coverage’ approximation should still be appro-
priate under most conditions.

d. Seasonal, daily, and diurnal analyses

Before considering how lightning-derived precipitation
(P) can help improve QPE of individual rainfall events, it
is necessary to evaluate the lightning—precipitation re-
lationship (LPR) on seasonal and daily bases to see if
our results compare favorably with previous studies in
Arizona by Petersen and Rutledge (1998) and Battan
(1965). A problem that arises therein, however, is how to
differentiate between convective and nonconvective
(typically stratiform) rainfall. Several criteria have been
previously used to assess this, contingent on the given
QPE method. Gungle and Krider (2006) defined con-
vective precipitation by a rain rate threshold measured by
a rain gauge network and the number of gauges that ex-
ceed the threshold, while Petersen and Rutledge (1998)

used a combination of climatological and meteorologi-
cal criteria to determine the threshold of convective and
nonconvective precipitation. In this study, we simply
consider precipitation statistically explained by light-
ning (PEL) and precipitation not statistically explained
by lightning (PNEL), assuming that the former is due
primarily to convective precipitation and the latter
comprises mostly stratiform and warm convective pre-
cipitation. PEL is defined to be precipitation in grids that
also contain at least one CG flash per hour (the highest
time resolution used in ST4 dataset) or >0.25 for
Gaussian integrated CG counts. In terms of representing
the precipitation of propagating monsoon thunder-
storms in Arizona, this classification method will only
provide an improved QPE for isolated of air mass
thunderstorms or leading squall lines of organized con-
vection. The lightning-derived precipitation P will
probably not provide a good lightning-derived estimate
in areas of trailing stratiform precipitation, and we dis-
cuss potential ways to address this problem in section 5.

The time used in this study is coordinated universal
time (UTC) throughout Arizona where 0000 UTC is
1700 local standard time (LST). Several studies have
shown that there is a maximum in monsoon pre-
cipitation at about 1400 LST over the high terrain while
over the lower terrain this maximum is about 1700
(Balling and Brazel 1987; Becker and Berbery 2008; Li
et al. 2008). Other studies have shown that there can be
time lags from 0 to 45 min between precipitation and
CG lightning in convective events (e.g., Rutledge and
MacGorman 1988; Soula and Chauzy 2001; Gungle and
Krider 2006). When day boundaries are based on UTC
time, the maximum precipitation and maximum in CG
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FIG. 5. Scatterplots for the gridded seasonal (JJA) ST4 precipitation volume (m?) “‘explained by lightning”” (PEL) vs
CG flash counts: a) “‘no sensor filter”” and b) “with sensor filter” (see text for details).

events can be “lagged” by what appears to be 1 day
(before and after 1700 LST), due solely to the temporal
distribution of convection in the region. Thus, to facili-
tate matching of precipitation and CG lightning data, we
start the analysis at the time of minimum precipitation,
as detailed in section 4d.

4. Results

During the 2005 summer, there were 63 events with
precipitation (at least some) within the domain, 10 of
which had significant precipitation (>2 X 10’ m?®) ac-
cumulated over our domain (see Fig. 7). As will be
shown in section 4c, more than 50% of the precipitation
within these events was explained by lightning.

a. Sensor coverage effect on the LPR

Figure 5 illustrates the effect of the radar and gauge
coverage problem in the ST4 dataset and its impact on
the LPR. This image compares the scattergrams for two
cases: no sensor coverage filter (Fig. 5a) and with a sen-
sor coverage filter (Fig. 5b). Results of the regressions
are listed in Table 1. Each data point represents the
seasonal accumulation of precipitation and the Gaussian
lightning counts at the selected 109 grid points. If no
coverage filter is applied, the correlation is statistically
significant (99.9% of statistical significance) with a rela-
tively low R = 0.48. If the coverage filter is applied, and
only points with ““good’ radar and rain gauge coverage
are included, as indicated by the colored regions in Fig.
3c, then R improves to 0.62. For this reason, subsequent
correlation and regression analyses will only employ
filtered data.

Figure 5 shows a notable nonzero intercept in the
regression, even using just PEL, which excludes grids

with no lightning. This behavior is due to the nature of
the regression. When a spatial regression (over grids) is
calculated, the method does not consider the following
factors: 1) the difference in precipitation yield that can
exist because of the topography, and 2) the variety of
convective events over the analyzed period that oc-
curred in different regions. So, in general, this regression
tries to accommodate variations in the relationship over
the entire spatial domain and over all convective events.
The time resolution of the ST4 product affects the cor-
relation as well. Within 1 h a single grid area can expe-
rience both convective and stratiform precipitation as
the storm develops and decays, so the temporal resolu-
tion is insufficient to resolve this difference.

b. Precipitation and CG lightning relationship:
Summer 2005 spatial analysis (JJA)

ST4 QPE is affected by the low area density of rain
gauges and by radar beam blockage into the Tucson
area. Figure 6 shows a sequence of images where the
problem is illustrated in the 2005 summer season (JJA).
This figure also illustrates the basic procedure for con-
structing P using Gaussian-derived flash counts. Figure
6a shows the multisensor ST4 PEL over the whole

TABLE 1. Regression parameters from Fig. 5. First column is pre-
cipitation volume per CG flash (m).

Case (a) precipitation volume vs integrated Gaussian
(no sensor filtered)
y intercept (m?) R

2 353 706 0.48

R?
0.23

m (m> flash™")

16 408

Case (b) precipitation volume vs integrated Gaussian
(sensor filtered)

18 436 2169 638 0.62 0.39
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FIG. 6. Procedure for constructing lightning-derived precipitation: (a) accumulated PEL (m®)—dots show grids
with sensor coverage; (b) integrated Gaussian CG flash counts; (c) as in (a), but only for the covered regions; (d) final
lightning-derived precipitation (just for nonsensor-covered grids, after applying regression in Fig. 5b) (Table 1).
Black rectangle in southwest corner shows the impact of beam blockage on ST4 precipitation and the resulting

improvement when using CG lightning information.

domain, and Fig. 6¢ shows only the grids that have good
sensor coverage. The corresponding seasonal CG flashes
are shown in Fig. 6b. The associated P (Fig. 6d) employs
the lightning data for the grids with no sensor coverage
(the sensor-covered grids have the same values than Fig.
6a). In Fig. 6d, the relationship of 1.8 X 10* m® flash !
plus 2.1 X 10° m® obtained from the linear regression
(Gaussian) is used for lightning-derived rainfall (see
Table 1).

Comparing Figs. 6a and 6d, there is generally good
agreement between PEL and the composite precipitation
P throughout much of the noncovered domain. On the
other hand, it is also clear how the southwest zone of ST4
precipitation (enclosed by the black rectangle in Fig. 6)
is affected by radar beam blockage. This area is on the
Tohono O’odham Nation, which only has rain gauge
coverage in the northeast (NE) corner of the rectangle,
so the ST4 dataset is based only on very high-altitude

(AGL) radar observations and/or spatial interpolations
of rain gauge measurements. The same is also true for
the southern part of the region extending into northern
Mexico. For this region, the lowest radar tilt is >2.5 km
AGL so it is impossible to know if moisture associated
with the elevated echo actually reaches the ground.
Knowledge of P may be of great help in such places. The
northwest corner of the study region shows higher ST4
PEL (Fig. 6a) than is estimated by lightning (Fig. 6d);
this may be due to stratiform precipitation, which is not
well correlated with lightning, as this is a relatively more
lowland desert area away from the mountains.

c. Summer 2005 temporal analysis (24-h time
resolution)

The discrete lightning counts and Gaussian integrated
lightning counts were accumulated in a daily UTC day
for JJA 2005, and correlated with the corresponding



1864

a) Daily Precipitation Volume
8% 10? D'|screte Ltglg. Counts ‘
Il Ltg Explained
16 [ |Total ST4 Precip
E 14}
212
=]
[=]
L 10
S s
I
S
2 4
(a8
2
0

160

180 200

DOY (UTC)

220 240

c)
X 10‘7

Lty Explained
[ ITotal ST4 Precip

Daily Precipitation Volume
Gaussian Ltg. Counts

-
(2]

14

Precipitation Volume (n)

180

160 200

DOY (UTC)

220 240

JOURNAL OF HYDROMETEOROLOGY

VOLUME 13
b) o
Accumulated Daily Precipitation
¥ 10° Discrete Ltg. Counts
12
——Ltg Explained e
--=-Non Ltg Explained H
T 10} ——-Total ST4 H
g 8
-
S
— 6
k=l
s
a4
(%]
L
a 2
0 g:—_mrs A i i :
160 180 200 220 240
DOY (UTC)
d) Accumulated Daily Precipitation
% 10° Gaussian Ltg. Counts
12 v v v v
——Ltg Explained i
-=-Non Ltg Explained !
i

-
o

---Total ST4

[o:)

Precipitation Volume ()
(<]

4

2

%o 180 200 220 240
DOY (UTC)
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fractions. (b),(d) Seasonal accumulations of total, PEL, and non-PEL precipitation. Discrete lightning counts are
employed in (a) and (b); Gaussian counts are employed in (c) and (d).

daily accumulation of the precipitation volume. The
method used to separate PEL and PNEL provides
a rough approximation of convective and stratiform
precipitation, respectively. The stacked plots in Figs. 7a
and 7c show comparisons of daily time series between
both types of precipitation with discrete CG counts and
integrated Gaussian counts, respectively. The Gaussian
integrated lightning counts explain more of the pre-
cipitation volume (67%) than the discrete CG counts
(52%) (see Figs. 7b,d) because of the spatial smoothing,
which spreads the CG lightning counts to more grids,
thereby classifying a larger fraction of the precipitation
as PEL than the discrete CG counts. The linear re-
gression of both CG discrete counts and Gaussian in-
tegrated counts with ST4 daily precipitation are both
statistically significant at the 99% level (see Figs. 8a,b).
For these regressions, each point represents pre-
cipitation and lightning integrated over the whole spatial

domain. The slightly lower correlation obtained using
the integrated Gaussian may be due to the large (8 X
8 km) grids with hourly data; that is, if as few as one CG
flash smoothed into a nearby grid cell, all the pre-
cipitation in that grid is counted in the correlation
analysis, and hence this method could partially include
stratiform precipitation. The two outliers that are seen
in the scattergrams will be discussed further below.
The seasonal precipitation volume per flash (PVF; m*
flash 1) obtained from regression analysis is shown in
Table 2, calculated excluding the outliers noted above.
For this study, the ratios obtained using discrete count
and Gaussian counts (GC) were ~1.7 X 10* m® flash !
and ~1.8 X 10* m*flash ™, respectively. The differences
in all PVF values are ~10%, and may not be significant
given the small degree of freedom in the regressions.
There are very few published studies for southern Ari-
zona that relate precipitation and CG lightning. Battan
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TABLE 2. Regression parameters from Figs. 8a,b.

Case (a) precipitation volume vs lightning counts

m (m> flash™1) y intercept (m>) R R?

17 000 1 509 200 0.82 0.67
Case (b) precipitation volume vs integrated Gaussian

18 300 1 962 200 0.80 0.64

(1965) observed 29 individual storms and found an av-
erage precipitation yield of 3-6 X 107 kg flash ™! (with
a power law), equivalent to a PVF of 3-6 X 10* m®
flash~! (gauge estimation and visual lightning counts).
Petersen and Rutledge (1998) obtained a precipitation
yield of 5.7 X 107 kg flash ' (5.7 X 10* m> flash™ ') in the
southwest United States. These values are somewhat
larger than the storm-average PVF for CG flashes in
Florida thunderstorms (2.6 X 10* m® flash ') found by
Gungle and Krider (2006). Overall, the precipitation
yield (and PVF) obtained in this study are of the same
order as those obtained by other authors for the same
geographical area. Differences in precipitation yield
obtained for the three studies in southern Arizona
(including this one), are likely due to different con-
vective/stratiform classification methods, the different
sources of precipitation and lightning data, and natural
variability.

Focusing on the regression analysis in Figs. 8a and 8b,
it is clear that there are two different behaviors in the
scattergrams—those points near and below the regression
line that resemble the average behavior over the season—
and those substantially above the regression lines that are
extraordinary events (pointed by arrows). The former
mostly correspond to the normal monsoon air mass
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thunderstorms; the later correspond to MCSs that oc-
curred on 14 and 23 August. For these two cases, much
of the precipitation occurred in large trailing stratiform
regions that exhibit very low lightning rates. This be-
havior will naturally result in higher rain yields. The
event that occurred on 14 August will be examined
further in section 4e.

To address the stability of the linear regression, two
analyses were carried out. First, we employed robust
regression with a bisquare weighting function and 4.685
tuning constant, after excluding the two “outlier” events
in August. The resulting RMSE was decreased by 2.5%.
We also evaluated a power-law relationship of the form
y = ax* (results not shown). The power-law relationship
increased the MSE, primarily because it was not able to
address the large nonzero intercept in these relation-
ships. Therefore, considering at least our data, a linear
regression is sufficient to relate CG lightning and con-
vective precipitation. When comparing these results to
the seasonal spatial correlation in section 4a, these daily
values exhibits a much smaller intercept. Additionally,
the correlations for lightning counts and Gaussian
counts (Table 2b) are much higher than their counter-
partsin Table 1. The improved results in this section may
be due to the fact that this daily temporal analysis av-
erages over the whole sensor-covered domain, thus
“averaging out” the influence of spatial (topography)
variations.

d. Diurnal analysis

As discussed at the end of section 3d, the use of the
“UTC day” for daily evaluation can increase the un-
certainty in the relationship because of a time lag
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FIG. 8. Scattergrams of daily ST4 PEL vs (a) discrete lightning counts and (b) Gaussian lightning counts. Re-
gression including outliers (shaded line); regression ignoring outliers (black line). Crosses pointed by arrows are the

two extreme events that occurred over the season.
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FI1G. 9. Diurnal histogram (hourly) showing the number of hours in
JJA 2005 with PEL (dark gray) and non-PEL (light gray).

between lightning and precipitation. To minimize this
problem, a temporally consistent ““convective day’’ has
been used in which the diurnal cycle of precipitation
starts (the 0 h) at the hour with the lowest likelihood of
precipitation (and also minimum likelihood of CG
lightning). To demonstrate this behavior, the diurnal
“number of hours of occurrence” for two conditions were
analyzed—number of hours of precipitation with light-
ning (dark gray) and number of hours of precipitation
with no lightning (shaded) results are plotted in an hourly
stacked histogram (Fig. 9). Convective precipitation is
more likely between hours 0000 and 0600 and between
2000 and 2400 UTC (1300-2300 LST), corresponding
well with the total precipitation. The period with the
least convective activity (and least hours of precipitation)
is between 1600 and 1800 UTC (0900 and 1200 LST).
There is a factor-of-two diurnal “modulation’ of hours
with precipitation. Interestingly, the diurnal modulation
of hours with precipitation related to lightning varies by
nearly a factor of 10. Comparing the results shown in
Figs. 7 and 9, we see that more than half of the pre-
cipitation in the domain is associated with lightning, and
it occurs in less than /3 of the total number of hours with
precipitation. While 10 h per day of convective activity
seems excessive for the Southwest, it should be noted
that the domain covers ~160 km from east to west and
considers geographic areas with slightly different timing
in diurnal maximum in convection. Overall this result
agrees with studies presented by Balling and Brazel
(1987), Johnson et al. (2010), and Li et al. (2008).

Note that the convective fraction (fraction of pre-
cipitation hours associated with lightning) is extremely
small between 0900 and 1700 UTC (0200-1000 LST),
which is after most terrain-induced storms have propa-
gated through the lowlands, and before solar heating can
initiate deep convection. From the histogram, hours
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FI1G. 10. Plot showing how the correlation (R) changes for several
starting times of “‘convective diurnal day” time lag relative to UTC
time. Derived from PEL and discrete counts (dashed line) and
from Gaussian counts (solid line). Note that the highest values are
around lag 18 and 19 h (1000 and 1100 LST), in concordance with

the minimum precipitation in Fig. 9.

1600, 1700, and 1800 UTC (0900, 1000, and 1100 LST)
are the times of day that are least likely to have con-
vective activity. To determine the most appropriate zero
hour, R values were determined for convective days
with different lag times with respect to the 0000 UTC.
Figure 10 shows 2005 seasonal R obtained per each time
lag. Based on this analysis, the diurnal seasonal time series
was selected to start at lag hour 18 h later with respect to
0000 UTC (peak in correlation). This finding is also sup-
ported by Fig. 9 and agrees with the previous results of the
diurnal cycle in the region that show a minimum convective
activity in southern Arizona at about local noon (Balling
and Brazel 1987; Johnson et al. 2010; Li et al. 2008). The
daily accumulation scattergrams for the optimum lagged
time are presented in Fig. 11 and the regression parameters
are listed in Table 3; Fig. 11a relates PEL (volume) to
lightning counts, and Fig. 11b relates PEL to the Gaussian
integrated lightning counts. Correlation improved for
both cases with respect to the R” presented in Fig. 8 (UTC
day), with an increase 6% in the case of discrete lightning
counts and 8% for Gaussian lightning counts.

e. Specific event and storm evaluation

One of the long-term aims of this work is to evaluate
LPR over sufficiently short time and space scales to
contribute to operational “‘nowcasts” of QPE, especially
in regions with poor coverage of precipitation sensors.
The LPR is likely to be different for air mass storms,
multicellular storms, and MCSs, and may be a function
of time of each storm type. In this initial work (and for
this small spatial domain), it is not possible to show all
the cases; however, we provide a case that illustrates
most important behaviors. On 14 August 2005, an MCS
affected a large portion of southern Arizona with pre-
cipitation falling over most of the test domain (Fig. 13).
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FIG. 11. As in Fig. 8 but for diurnal convective day (18 h, time lag).

At 1400 UTC there were two air mass thunderstorms
over the southeast and northeast portions of the domain.
During hours 1600, 1700, and 1800, these storms moved
north and westward and organized, producing more than
40 mm h~! of precipitation at some locations within the
domain. The scattergrams in Fig. 12 show the hourly LPR
for the event, considering the total precipitation and
total lightning flash counts for the sensor-covered grids
(similar to those in Fig. 11, but hourly time resolution).
Note that R? values are all greater than 0.75, and that
there is no clear nonlinearity in the LPR.

The panels in Fig. 13 show a sequence of images for
this event. The first column shows the original total ST4
precipitation data, and the second column shows P from
Gaussian integrated grids (Pgc) using the regression in
Table 4. A single yield (PVF) value was applied to all
time steps. In this case, the y intercept is misleading,
since the value in this regression corresponds to the
whole sensor-covered domain; hence, it was divided by

the area of the covered domain in order to apply to in-
dividual grids. Gaussian counts were preferred to de-
scribe this case because they expand the PEL domain
and this has an impact on the number of data points
when compared with precipitation. Finally, the third
column in the figure shows the composite of both of
these data—a first-order improved ““product” that could
be used to improve QPE. Specifically, P only replaces
ST4 precipitation in nonsensor-covered grid cells.

We emphasize that our objective is to enhance QPE
associated with convection in areas of poor radar and
gauge coverage while not degrading the ST4 product.
Therefore, if no lightning is recorded and the ST4
product shows some precipitation, the ST4 precipita-
tion is not replaced with a zero value. Considering the
nonsensor-covered cells, there is a noticeable difference
between the original ST4 product and the combined ST4-
lightning-derived QPE, especially in areas of complex
terrain with radar beam blockage. This demonstrates the
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FIG. 12. Scattergrams for the August 2004 event. PEL vs (a) discrete lightning counts and (b) Gaussian counts.
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FIG. 13. (left) ST4 precipitation data (dots indicate covered grids), (center) derived precipitation from Gaussian counts (dots indicate
CG lightning strikes), and (right) a composite of ST4 precipitation for covered grids and Gaussian counts derived precipitation for
noncovered grids for 14 Aug event.

potential value of a lightning-enhanced, radar-derived quality control procedures used in ST4 algorithms
precipitation product like Pgc (Fig. 13, second column)  would be inadequate to attain a good QPE (Lin and
for improving the QPE in regions of intense convection.  Mitchell 2005). We highlight the south-central region
A good example occurs during hour 1500 (see Fig. 13), during hours 1600 and 1700, when ST4 is showing
when the thunderstorms are starting to organize over precipitation yields 20-40 mm h™!, possibly because of
the steep terrain of the Chiracahua Mountains in Cochise ~ brightband contamination of the radar beam, while
County (southeast part of the domain). In this region Pgc  Pgc does not show more than 10-15 mm h™! for the
increased the QPE on the order of 10-20 mm h™ !, which  same grids. At these hours, there is an additional dis-
is an amount that would be large enough to affect the is- crepancy: at the center of the study region, there are
suance of flash flood advisories or warnings. The individual ~a large number of flashes associated with the leading
lightning strikes, as shown in the middle panel, clearly convective line of the MCS, but little ST4 precipitation.
show the leading line of the convection. As the leadingline ~ We suspect that this illustrates a weakness in the ST4
moves through the Tucson metropolitan area during hours ~ precipitation estimates. Though this area is considered
1600 and 1700, the ST4 product shows lingering pre- by our criteria a “sensor covered,” the closest rain gauges
cipitation to the east associated with the trailing stratiform  were between 10 and 16 km away from the heaviest Pgc.
region of the organizing MCS, while Pgc shows less. There is just one radar tilt that covers two of these grids

Even for deep convection, disagreement between the (<1000 m AGL), so clearly the ST4 estimate is in question.
ST4 precipitation and P is clear, especially in regions However, in the absence of independent measurements we
with poor sensor coverage, where even the manual cannot make a definitive interpretation about this.
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During hour 1800 (Fig. 13) most of the organized
convection was located in the northwest portion of the
spatial domain where the storms were actively pro-
ducing lightning. Hour 1800 was found to have the best
agreement between PEL and PGC, as seen in Fig. 14.
Finally at hour 2000, the event had left the domain and
only stratiform precipitation remained in the region,
with few lightning strikes.

Figure 14 shows the percentage of PEL (solely for
covered grids) and correlation time series, using the
Gaussian counts. The time evolution of the propagating,
organized MCS is loosely represented by the time series.
Prior to hour 1400, before the thunderstorms develop
and produce substantial rainfall over the Chiricahua
Mountains, there is virtually no precipitation explained
by lightning and correlation is obviously zero. When
deep convection develops by the next 2 h PEL rapidly
increases up to approximately 60%; R* reaches its
highest value at hour 1800 and coincides with the time
when PEL is high. After the event passes through the
domain and only stratiform precipitation is present, the
PEL percentage then decreases gradually over the next
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few hours. Even with the relatively coarse temporal
(hourly) information used in this study, there is a clear
deficiency in the ability of lightning (as employed in this
study) to provide QPE information in situations where
a substantial portion of the domain is covered by strat-
iform precipitation.

Opverall, areas that had a high lightning density gen-
erally were associated with high precipitation rates
(typically >20 mm h™ '), but the converse did not neces-
sary occur. Moderate precipitation rates (2.5-10 mm h™ ')
were generally in close proximity to lightning. ST4
estimates of precipitation in poor coverage regions
can have very high precipitation rates (~35-45 mm h™')
with no lightning occurrence (Fig. 13 southern grids
at 1700 UTC), and these measurements are quite
suspect (perhaps because of radar reflectivity from al-
titudes above 2 km AGL). Such high precipitation rates
did not occur in the covered region unless they were
associated with lightning similar to the seasonal case in
section 4a. The highest PEL (>60%) occurred during
the periods when deep convection was present, as
did the highest correlation values. Both PEL and
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FIG. 13. (Continued)

correlation were low when mostly stratiform precipita-
tion occurred.

5. Discussion

ST4 is considered one of the best available short-
term gridded precipitation datasets for the contiguous

United States because of its quality control; how-
ever, the quality of this dataset decreases in areas with
poor sensor (radar and gauge) coverage. Within the
mountainous domain considered in this study, there are
areas with poor gauge coverage and complete radar
beam blockage. Since QPE depends on such observa-
tions, any analysis of the LPR in these regions will be
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TABLE 4. Regression parameters from Fig. 12.

Case (a) precipitation volume vs lightning counts

m y intercept
m’ flash ™! mm flash ™ m? mm R R?
14 600 0.22 2431100 38.0 081 0.67
Case (b) precipitation volume vs integrated Gaussian
15 600 0.24 3084600 482 079  0.63

adversely affected if areas with poor coverage are in-
cluded in the analysis. A rigorous assessment of the in
situ gauges and radar coverage is required to determine
the ““good’’ data points that can be used in constructing
a regression. The resulting precipitation yield (mm/
flash or m*/flash) for the region under study was of the
same order as that obtained by Battan (1965) and
Petersen and Rutledge (1998), and may well be char-
acteristic of the North American monsoon region as
a whole.

There is no simple perfect criterion to differentiate
between convective and stratiform precipitation. In this
study, we have proposed a method for using counts of CG
lightning to estimate precipitation (assuming that most
convective precipitation is related to CG lightning)
where we have demonstrated that the ‘“‘precipitation
explained by lightning”” (PEL) can be used to comple-
ment other criteria (like precipitation rate) for classify-
ing convective precipitation, especially in an operational
setting.

The use of spatially smoothed data (Gaussian counts)
instead of lightning counts impacts the fraction of PEL
as seen for the JJA 2005 season where the percentage
change from 52% using discrete counts to 67%, in-
dicating that much of the precipitation is in close prox-
imity with lightning discharges (specifically, within 20
i.e., 5 km). At hourly time resolution, the increase in
PEL resulting from Gaussian smoothing contributes
positively in two ways: 1) by augmenting the number of
data points in the linear regression for precipitation es-
timation, and hence, improving statistical significance
and correlation; and 2) by allowing better tracking of
convective events, which includes times and locations
that are otherwise neglected when only discrete counts
are utilized. This last result will be more important as the
spatial and temporal resolution is increased in future
studies. The Gaussian smoothing tended to slightly de-
crease R” values, likely because of the large (8 X 8 km?)
grid size employed in this analysis. Both the ST4 pre-
cipitation and PEL exhibit strong diurnal modulation
(2 times for total precipitation and 10 times for PEL—
deep convection). This, in turn, impacts daily analysis
and makes necessary the concept of a ““‘convective’ day,

Case (a) precipitation depth vs lightning counts
m (mm flash 1) y intercept (mm) R R?

25.20 0.86

0.73 0.93

Case (b) precipitation depth vs integrated Gaussian

0.80 42.77 0.89 0.80

which should be employed in place of solar or LST days
in regions with complex terrain.

Our findings clearly show that lightning-derived pre-
cipitation can substantially contribute to the estimation
of warm season precipitation in southern Arizona, es-
pecially in regions that have no rain gauge coverage and
poor radar coverage. We expect that the same would be
true throughout the intermountain west, because the en-
tire region can experience topographically forced mon-
soon thunderstorms (at least during part of the summer).
With higher time resolution, QPE employing lightning-
derived precipitation could improve our ability to pro-
vide flood advisories, as well as improve our physical
understanding of the hydroclimatology associated with
the North American monsoon.

Future work will expand this research along three
lines. Convective QPE can be further improved when
using radar-derived precipitation products with spatio-
temporal resolution comparable to the NLDN, such as
the National Mosaic and Multisensor QPE (NMQ). This
will provide better spatial localization of convective
cells and allow for storm tracking, thereby improving
PEL estimation. Eventually we plan to use a Kalman
filtering approach to derive a time-evolving lightning—
precipitation relationship. This analysis will consider
precipitation data that are more spatiotemporally re-
solved and, thus, better suited to characterizing mon-
soon thunderstorms.
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FIG. 14. Time series for 14 Aug event: PEL percentage and R*
between PEL and CG lightning, both using Gaussian counts.
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