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Abstract. An earlier paper by Bell et al. [2008] showed satellite evidence9

that average summertime (1998–2005) rainfall over the non-coastal south-10

east U.S. varied with the day of the week in a statistically significant way,11

with the maximum occurring midweek (Tue–Thu). An explanation was pro-12

posed in which the recurring midweek increase in air pollution over the area13

causes a shift in the drop-size distribution in clouds to smaller sizes as the14

clouds develop. The smaller droplets could be carried to higher altitudes where15

their freezing releases additional latent heat, invigorating the storms. Evi-16

dence for this phenomenon was provided by storm-height distributions ob-17

tained from the Tropical Rainfall Measuring Mission radar, but the statis-18

tical significance of the midweek increase in storm heights was unclear. An19

improved statistical analysis of the storm-height distributions is provided here,20

indicating that the probability that storms climb above altitudes 7–15 km21

is increased midweek relative to weekends (Sat–Mon) for afternoon storms22

(1200–2400 local time). The morning storm heights, on the other hand, are23

found not to exhibit statistically significant shifts, which would be consis-24

tent with the above explanation. Morning storm statistics are also found to25

be much more sensitive than afternoon storm statistics to the exact area over26

which the averages are taken.27
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1. Introduction

In an earlier paper by Bell et al. [2008] (hereinafter “B08”) evidence was presented28

for a weekly cycle in rain-rate estimates from the Tropical Rainfall Measuring Mission29

(TRMM) satellite’s microwave instruments over the non-coastal southeast U.S. This area30

was referred to in B08 as “Area B” and is shown in Figure 1 as the red cross-hatched Figure 131

area. Averages of TRMM rain estimates over Area B for the summertime (Jun–Aug)32

for 1998–2005 showed substantial changes in average rainfall with the day of the week,33

peaking on Tuesday and remaining large for the next two days.34

The explanation of the dependence of rain rate on the day of the week proposed there35

invoked the well-known variations in pollution with the day of the week and the theory36

described by Rosenfeld in the papers by Williams et al. [2002]; Andreae et al. [2004] and37

further developed in Rosenfeld et al. [2008], that the decrease in droplet sizes in storm38

clouds forming in “dirty” air enabled more liquid water to reach higher altitudes and to39

release additional latent heat as it froze, energizing the storms, causing them to grow larger40

and rain more. The mechanism requires that the storms form in environments such as exist41

in the SE U.S. during the summertime: highly unstable vertical temperature structures,42

with ample moisture below and cloud-base temperatures well above freezing. This theory43

would not apply to the drier western half of the country, and, indeed, no weekly cycle44

was discernible there. The theory predicts, in fact, that this effect of pollution should45

be maximum in the afternoons, and this was observed: the statistical significance of the46

weekly cycle in rainfall over Area B increased considerably when averages were restricted47

to afternoon (1200–2400 LT) data.48
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This evidence was reinforced by B08’s analysis of surface rain-gauge data and the49

model reanalysis data [version R-2 of the National Centers for Environmental Predic-50

tion/Department of Energy (NCEP/DOE) reanalysis data, Kanamitsu et al., 2002]. As51

the satellite data suggested, daily rainfall as measured by rain gauges increased in the mid-52

dle of the week, and lower-level wind convergence, upper-level divergence, and 500-hPa53

vertical winds over Area B fluctuated with the day of the week in a way that was consistent54

with the changes in convection implied by the rain activity. Furthermore, although not55

reported in B08, the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard56

both NASA’s Terra and Aqua satellites [Remer et al., 2005] also shows significant in-57

creases in fractional cloud cover during the middle of the week over Area B, accompanied58

by decreases in cloud-top temperatures, both signs of increased midweek convective ac-59

tivity.60

The TRMM satellite precipitation radar (PR) provided additional evidence of storm61

invigoration, showing that the distribution of storm heights shifts to higher altitudes62

during the middle of the week compared to weekends. At the time of B08’s publication63

a credible statistical analysis of the changes in the PR storm-height distributions with64

the day of the week was unavailable. This note is intended, in part, to rectify that. In65

the following sections we describe the PR storm-height data used in the analysis, present66

the method of estimating the statistical confidence of the changes we see, provide some67

discussion of how sensitive the changes in the morning (0000–1200 LT) distributions are68

to averaging details, and offer our conclusions in the final section.69
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2. Description of Data

The TRMM precipitation radar (PR) product 2A23 [TRMM PR Team, 2005] reports70

“storm height” for each radar observation where the PR algorithm (version 6) determines71

that precipitation is detected within the radar beam with a high degree of confidence.72

“Storm height” here means the height of the highest point in the radar beam with de-73

tectable returns (∼ 17–18 dBZ), measured relative to mean sea level. The PR footprint is74

roughly 4–5 km in diameter. A more complete discussion of the issues involved with the75

interpretation of this product may be found in B08. We analyze storm-height data here76

for the same period used in B08, 1998–2005 summers (June–August).77

It should be noted that because of the TRMM’s low-inclination orbit and the PR’s78

swath width, the PR is unable to see north of about 36.3◦. The PR’s observations are79

most frequent in the neighborhood of latitude 33.7N, and our areal statistics consequently80

weight the higher latitudes more, proportional to the PR’s observational frequency.81

3. Method of analysis

Instead of averaging over the irregularly shaped Area B in Figure 1, we used a simpler,82

rectangular box spanning latitudes 32.5N–40N and longitudes 100W–80W. This is the83

area formed by substituting for the southernmost 2.5◦ × 2.5◦ grid box of Area B the84

bottom right-hand corner of the rectangle, as indicated by the arrow in Figure 1. We85

shall refer to this area as “Area B′”.86

Histograms n(a) of storm heights in Area B′ are obtained by counting the number of87

PR footprints identified by the PR algorithm as containing rain and with storm heights88

in an altitude bin labeled by altitude a (in km), where the bin extends from a − 0.5 km89

to a + 0.5 km. These histograms are used to calculate the fraction of footprints in Area90
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B′ for which storm heights are in bin a or above, for local observation times falling either91

in Tue–Thu or Sat–Mon. We further subdivide the observations into morning (00–1292

LT) and afternoon (12–24 LT) categories. If, for instance, nTWT,m(a) is the number of93

footprints in Area B′ for Tue–Thu mornings with storm heights in bin a, then we can94

write the fraction of footprints with storm heights at a or above as95

cTWT,m(a) =

∑t
a′=a nTWT,m(a′)

∑t
a′=0

nTWT,m(a′)
, (1)

where the denominator in (1) is in effect just the total number of footprints with PR-96

detected rain and t is the bin with maximum reported storm height. Because no storm97

heights above 20.5 km are detected, t = 20.98

As a measure of the change in height distributions with the day of the week, we inves-99

tigate the ratios100

ri(a) = cTWT,i(a)/cSSM,i(a) , (2)

where the index i = {m, a} indicates whether the data are for mornings or afternoons.101

The ratio ri(a) tells us how much more probable it is that storms reach or exceed altitude a102

Tue–Thu (“midweek”) compared to Sat–Mon (“weekends”). If there were no change in103

behavior with the day of the week, we would expect ri(a) = 1.104

3.1. Sampling error estimates

The sampling error in the ratio is represented by δri:105

ri = 〈ri〉 + δri . (3)

(We omit specifying the altitudes a here and in the next equation to help simplify the106

notation.) The angular brackets in (4) indicate the expected values of the quantities107

that we would calculate if we had infinite amounts of data with the same climatological108
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statistics as the data we actually have. Our best estimate of these expectations will in109

fact be the averages obtained from the data we actually have. Note that, by definition,110

〈δri〉 = 0.111

In B08, Appendix A, Eq. (A8), an estimate of the sampling error variance in these ratios112

is given,113

var(δri) ≈ 〈cSSM,i〉
−2 var(δcTWT,i) + 〈cTWT,i〉

2〈cSSM,i〉
−4 var(δcSSM,i) . (4)

which we have copied above, but with the dependence on whether it is morning or after-114

noon, i = m or a, made explicit.115

The variances var(δcTWT,i) and var(δcSSM,i) needed in (4) are estimates of the sam-116

pling error variances in the individual distributions cTWT,i and cSSM,i. In B08 these error117

variances were estimated by assuming that storm heights for each PR footprint are sta-118

tistically independent of each other. The estimates ignored the effects of spatial and119

temporal correlation in the data, which are surely substantial, with the result that the120

error estimates in B08 were at best lower bounds for the actual errors. We improve on121

these error estimates here, so that we get a better sense about which changes in the storm122

height distributions are “real”.123

To try to deal with spatial and temporal correlations in the storm heights, we work with124

the storm-height distributions for each week, represented by np,w(a), where p denotes125

the period from which the data come: whether the data are from TWT or SSM, and126

whether they are for mornings or afternoons (i = m or a). Weeks are labeled by integers127

w = 1, . . . , W . Thus,128

nTWT,m(a) =
W
∑

w=1

np,w(a) , p = {TWT, m} , (5)
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where the sum is over all W weeks during the summers of the years of interest. There129

are 13 weeks per summer. Storm behavior is scarcely predictable beyond a few hours,130

and it is reasonable to assume that the distributions np,w(a) are not very correlated from131

week to week. By treating the weekly distributions as a single “measurement”, most of132

the statistical effects of spatial and temporal correlations are captured.133

We assume that the sampling error variance of an average over W uncorrelated obser-134

vations xw can be approximated when W is large by the normal-statistics result135

var(xw) =
1

W
var(xw) , (6)

where the bar notation indicates the average136

xw =
1

W

W
∑

w=1

xw , (7)

and var is the estimated variance of the variable xw,137

var(xw) =
1

W − 1

W
∑

w=1

(xw − xw)2 . (8)

This gives us estimates of the error variance in the overall storm-height distributions in138

Eq. (5) for large W :139

var[δnp(a)] ≈ Wvar[np,w(a)] , (9)

where var[np,w(a)] is estimated as in Eq. (8). [Note that the familiar factor 1/W is replaced140

by W on the right-hand side of Eq. (9) because the factor 1/W is absent from the definition141

of nTWT,m(a) in Eq. (5).]142

Building on this estimate for the error variance of δnp(a), we can make estimates of143

the error variances of the ratios ri, since they are all derived from the distributions np(a)144

through Eq. (1). This is the basis for estimating the sampling error of ri(a) in Eq. (4).145

Details are given in the Appendix.146
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4. Storm Height Distributions

PR data for storm heights for the summers of 1998–2005 over Area B′ were analyzed,147

with error bars for the ratios ri(a) estimated as described in the Appendix. The results are148

shown in panel (b) of Figure 2 with one-sigma error bars. This figure should be compared Figure 2149

to Figure 10(c) in B08, reproduced here in Figure 2(a). As was found in B08, storms150

in the afternoon tend to climb to higher altitudes during the midweek period compared151

with weekends, particularly for those reaching altitudes above 7 to 15 km. There is a 40%152

higher chance that midweek storm heights will exceed 9 km than weekend storm heights.153

As expected, the error bars found here are generally much larger than those estimated in154

B08, almost certainly due to the amount of spatial and temporal correlation in the data.155

The behavior of the “morning” data shown in Figure 2 is, however, somewhat different156

from what was found in B08, where the statistics for rm(a) appeared to show that the157

ratios for morning storm heights were significantly above 1 at higher altitudes. Our new158

results are consistent with there being no change with the day of the week in morning159

storm-height distributions.160

We have been able to discern three possible reasons for this change in the morning161

results from the results in B08. The primary reason appears to be changing the averaging162

area from Area B to Area B′. We know that the statistics of storm behavior depend on163

location. The diurnal cycle of rainfall in the 2.5◦×2.5◦ grid box in the southeast corner of164

Area B′ peaks quite strongly in the middle of the afternoon (∼ 1500–1900 LT), whereas165

the diurnal cycle in the southwest corner of Area B′ is ill-defined [e.g., Hirose et al.,166

2008]. This suggests that the conditions for storm invigoration may be very different in167

the mornings for the two grid boxes, perhaps enough to change the overall statistics. The168
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other two reasons for the changes in statistics were 1) that the histograms for each hour of169

the day and day of the week were smoothed in B08 over a 4–5-h range before computing170

the ratios, whereas they are not smoothed here; and local times were computed for each171

2.5◦ × 2.5◦ grid box in B08, whereas the local times at the center of Area B′ used here172

are calculated to determine whether data are assigned to mornings or afternoons. The173

changes in statistics due to these last two reasons were relatively minor compared with174

the change resulting from the shift from Area B to Area B′.175

5. Discussion and Conclusions

The increase in afternoon storm heights during the middle of the week compared with176

weekends seen in Figure 2 is consistent with the physical picture that storm growth is177

enhanced by the presence of additional particulate pollution in the atmosphere during178

the middle of the week. The size of the increase appears to be statistically strongest at179

higher altitudes and it would be hard to attribute the increases to the happenstances of180

sampling.181

The result for morning storm heights obtained here—that there is no clear change in182

behavior with the day of the week—is easier to understand than the behavior found in183

B08 for morning storms: the physical mechanism invoked to explain the afternoon changes184

would suggest that, since convective potential is smaller in the morning hours and there is185

likely to be less release of latent heat of fusion due to the freezing of water droplets, there186

should be less invigoration of morning storms and less of a weekly cycle. The sensitivity187

of the morning results to the exact area over which the statistics are obtained, possibly188

owing to the changes in the diurnal variations present in Area B, however, suggests that189

unraveling how pollution affects morning convection will be more difficult.190
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Appendix

The sampling error variance estimates for the ratios ri(a) defined in Eq. (2) are made191

using the weekly values of the storm-height distributions np,w(a). We present here some192

details about how these estimates are made. An expression for the error variance of ri(a)193

is given in Eq. (4) in terms of the error variances of δcTWT,i and δcSSM,i, and we show here194

how these two variances can be estimated. As in Eq. (5), we use p to symbolize the period195

from which the data came, whether TWT or SSM, and whether i = m or a (morning or196

afternoon).197

We first define the cumulative sum of the storm-height histograms for each week w,198

Np,w(a) =
t

∑

a′=a

np,w(a′) , (A1)

and the cumulative sum of the overall storm-height histograms,199

Np(a) =
t

∑

a′=a

np(a
′) , (A2)

=
W
∑

w=1

Np,w(a) , (A3)

which gives the number of PR-observed storm heights in Area B′ falling in bin a or higher.200

The fractions cp(a) defined in Eq. (1) can then be written201

cp(a) =
Np(a)

Np(0)
. (A4)

As was done in Eq. (3), we describe the sampling error in terms of deviations from the202

climatological mean,203

Np(a) = 〈Np(a)〉 + δNp(a) . (A5)

The first term on the right-hand side of (A5) is the expected count, and the second term204

is the deviation from the expected count due to the particular data sample from which205
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we happened to have calculated Np(a) from. We can use analogous notation to rewrite206

Eq. (A4) as207

cp(a) = 〈cp(a)〉 + δcp(a) (A6)

=
〈Np(a)〉 + δNp(a)

〈Np(0)〉 + δNp(0)
. (A7)

Assuming that the fluctuations δNp(0) are not too big relative to 〈Np(0)〉, we expand208

Eq. (A7) to second order in δ and then keep only second-order terms in δ for the expression209

for 〈[δcp(a)]2〉 to obtain210

〈[δcp(a)]2〉 ≈
〈[δNp(a)]2〉

〈Np(0)〉2
− 2

〈Np(a)〉

〈Np(0)〉

〈δNp(a)δNp(0)〉

〈Np(0)〉2

+
〈Np(a)〉2

〈Np(0)〉2
〈[δNp(0)]2〉

〈Np(0)〉2
(A8)

=
1

〈Np(0)〉2

{

〈[δNp(a)]2〉

−2cp(a)〈δNp(a)δNp(0)〉

+c2

p(a)〈[δNp(0)]2〉
}

. (A9)

Following the approach that led to Eq. (9) above, we can estimate the first and last211

terms inside the curly brackets in Eq. (A9), using the fact that Np(a) can be written as a212

sum of weekly contributions (Eq. A3). We find213

〈[δNp(a)]2〉 ≈ Wvar[Np,w(a)] , (A10)

where the variance on the right-hand side is calculated as in Eq. (8).214

The same approach allows us to estimate the middle term inside the curly brackets of215

Eq. (A9). One finds216

〈δNp(a)δNp(0)〉 ≈ W cov[Np,w(a), Np,w(0)] (A11)
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with the covariance estimated in the usual way: letting x(w) = Np,w(a) and y(w) =217

Np,w(0),218

cov[x(w), y(w)] ≈
1

W − 1
×

∑

w

[x(w) − x][y(w) − y] . (A12)

Given Eq. (4) and the estimates of var[δcp(a)] provided by Eqs. (A9), (A10), and (A11)219

here, we can estimate the error variance for the ratios ri. The square roots of these error220

variances are used as one-sigma error bars in Figure 2.221

Note that because morning and afternoon samples may only be separated by a few hours,222

sampling errors for the morning and afternoon cases may not be statistically independent223

of each other. Consequently, the error bars in Figure 2 may not be appropriate for testing224

whether the ratios rm and ra are statistically different from each other. Sampling errors225

in ri(a) at one altitude are also probably correlated with those at other altitudes.226
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Figure 1. Averaging area (red cross-hatching) used in Bell et al. [2008], called “Area

B” there. A new rectangular averaging area is used here, by moving the grid box at the

bottom to the right-hand side, as indicated by the arrow. This rectangular area is referred

to here as “Area B′”.
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Figure 2. The ratio of the frequency that storm heights exceed a given altitude during

the midweek (Tue–Thu) to the frequency that weekend (Sat–Mon) storm heights exceed

that altitude. Dashed black lines are for morning (00–12 LT) data; red lines for afternoon

(12–24 LT) data. (a) Ratio over Area B, figure reproduced from B08. (b) New results

for Area B′ with one-sigma error bars estimated here. A ratio of 1 (dashed line) would

suggest that there is no variation in storm-height distributions with the day of the week.
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