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Abstract. Here we use thekewnesparameter, and the pro- (Houze 1997. This categorization does not include explic-
cedure developed in the companion papegndccolo and itly the orography: the interaction between the land surface
De Michele 2012, to investigate the variability of instan- and the atmosphere. Mountains, and to a lesser degree hills,
taneous renormalized spectra of rain drop diameter in presgenerally induce an uplift motion which may produce con-
ence of orographic precipitation. Disdrometer data, avail-densation and then precipitatioRde 2005. One of the
able at Bodega Bay and Cazadero, California, are analyzedhost important effects due to orography is the so called “oro-
either as a whole, or as divided (using the bright band echopraphic enhancement”: the total amount of rainfall on the
in precipitation intervals weakly and strongly influenced by slopes of mountains and hills is larger than that on the sur-
orography, and compared to results obtained at Darwin, Ausrounding planes. However, the focus of this manuscript will
tralia. We find that also at Bodega Bay and Cazadero exists &e the effect of orography on the shape of drop diameter dis-
most common distribution of the skewness values of instan4ributions regardless of any effect on cumulated rainfall rates.
taneous spectra of drop diameter, but peaked at values greater

than 0.64, found at Darwin. No appreciable differences are In the present manuscript we consider data sets from three
found in the skewness distributions of precipitation weakly differentsites: (1) Darwin (ORW), Australia, (2) Bodega Bay

and strongly influenced by orography. However the renor-(BBY)' California, USA, (3) Cazadero (CZD), California,
. gly int y orograpny. How . USA. Darwin is on the coast backed by plains and it can be
malized drop diameter spectra of precipitation with strong " R
. . . . .. “safely assumed the land surface “influence” on rain (intended
orographic component have fatter right tail than precipita-

. . . ! as disturbance on rainfall rates, drop size distributions, and
tion with a weaker orographic component. The differences . . : .
all the possible features of the rainfall phenomenon) is negli-

between orographic and non-orographic precipitation are in- ible. This data setis the same one used in the companion pa-

vestigated within the parametric space represented by numg “Sk fthe i ) h
ber of drops, mean value and standard deviation of drop giPer SKEWNESS as meastre o the invariance of instantaneous
! . renormalized drop diameter distributions — Part 1. Convec-

ameter. A filter is developed which is able to identify 1 min . if iitation’] | d De Mich
time intervals during which precipitation is mostly of oro- t2|ve vs. stratiform preqp:tauon gnaccr:]oo an ? |c|.fele_
graphic origin. 012. Bodega Bay is ocatgd on t e coast 0 qu ornia,
~120km North of San Francisco, while Cazadero is 10km
inland, 33km Northwest of Bodega Bay. Immediately west
of Bodega Bay are located the Coastal Range Mountains of
1 Introduction California where Cazadero is at 475 ma.s.m.l. (all peaks in
the region surrounding Bodega Bay and Cazadero are below
Stratiform and convective are the two main categories used td000 m of altitude). At BBY and CZD the land surface in-
describe rainfall. They indicate the strength (convective in-fluence on precipitation can be relevant. As matter of fact
dicating the stronger case) of the updraft motion generatingt has been observed that winter stratiform storms at these
atmospheric vapor condensation and eventually rain dropsites may lack the characteristic bright band echo signature
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330 M. Ignaccolo and C. De Michele: Comparison of drop size distributions

for extensive period of timed/Nhite at al, 2003 Martneret 2 Data and methods
al., 2008. During these time intervals, precipitation “is pri-
marily the result of orographically forced condensation andHere we summarize the data processing and methods adopted
coalescence processeMdrtner et al. 2008. in our analysis. Most of these are the same as those used in
It is important to stress that the distinction between timethe companion papefgnaccolo and De Miche|e012), in
intervals where the bright band echo is present (BB intervalsyhich case we present only a “quick” summary (the inter-
versus those in which it is absent (NBB intervals) is doneested reader will find in the companion paper all the details),
averaging 30 min radar data, and it is not intended as a diswhile new methods will be described in detail.
tinction between not orographic versus orographic rain (“BB
and NBB rain often occurs in superpositioartner et al, 2.1 Data
2008 but more as the predominance of one mechanism of
drop formation over another: BB mostly stratiform and NBB We use Joss Waldvogel RD80 disdrometer data at 1 min
mostly orographic. The coastal range mountains in BBY andtime resolution from three different locations (1) Dar-
CZD can always induce condensation and coalescence of wavin (DRW) , Australia (12.45S, 130.83E, 2ma.m.s.l.),
ter droplets. Therefore the mere presence of the bright ban) Bodega Bay (BBY), CA, USA (38.32, 123.07 W,
signature does not imply automatically the absence of prel2ma.m.s.l.), (3) Cazadero (CZD), CA, USA (386,
cipitation of orographic origin. Conversely, the absence of123.2FW, 475ma.m.s.l.). For all datasets the drop diam-
the bright band signature does not automatically imply thateters are classified in 20 different classes covering the range
aggregation of snow/ice crystals (the typical mechanism 0f0.3-5.6 mm, and 1-min counts are corrected against the in-
drop production of stratiform rain) is absent but that (1) it strument dead timeSauvageot and Lacapk999. The Dar-
is not so widespread for the melting of snow/ice crystals towin data set is the same as in the companion papea¢-
produce a strong bright band echo, (2) it is not predominanicolo and De Michelg2019. It consists of 97 consecutive
with respect to the precipitation of orographic origin. days of measurements, from 4 November 2005 to 10 Febru-
The main purpose of this manuscript is to investigateary 2006. Reflectivity maps are available for the time in-
the variability of the instantaneous (1 min sampling inter- tervals 9 November to 6 December 2005, and 6 January to
val) renormalized spectra, in orographic precipitation, mak-10 February 2006, allowing for stratiform versus convective
ing use of the skewness. In the companion pajggraccolo  classification through the identification of the bright band. A
and De Michele2012 we have investigated the variability total of 19 stratiform and 33 convective time intervals were
at Darwin for the entire dataset and the stratiform and con-dentified with this method (see the online materiallgn
vective subsets. Hereby this investigation is repeated for théaccolo and De Michele2010. The BBY data set consists
Bodega Bay and the Cazadero datasets in their entirety andf 1 min disdrometer counts for 100 non consecutive days
dividing each of these in two subsets: BB (bright band echospanning the 2003/2004 winter season from 6 December to
present) and NBB (bright band echo absent). Moreover &5 March. The CZD data set consists of 1 min disdrome-
comparison is made between the results at Darwin and thoster counts for 375 non consecutive days covering the winter
at Bodega Bay and Cazadero. seasons from year 2003 to 2006. Winter maritime storms at
As in the companion papetghaccolo and De Michele BBY and CZD are stratiform in nature. However radar data
2012, we divide each dataset in subsets of comparable valcollected during these storms have shown that the “bright
ues of skewness: skewness classes. For each skewness cl@gsnd” echo, which is characteristic of stratiform precipita-
subset, we compare the renormalized spectra for BB andion, is missing during extended period of times, not only
NBB rain periods. While in Darwin stratiform (BB) and at BBY and CZD, but on other locations in the Pacific North
convective (NBB) precipitation have the same renormalizedAmerican coast as welNeiman et al.2005. The lack of the
spectra, this is not true for Bodega Bay and Cazadero as NBBright band has been associatdthfte at al, 2003 Mart-
1 min time intervals have fatter right tails with respect to BB ner et al, 2008 to time intervals of hydrometeor growth
1 min time intervals. Prior to renormalization instantaneousprimarily resulting of condensation and coalescence of wa-
NBB spectra are much steeper (as identified by the value ofer droplets in a relatively shallow layer near the surface:
the gradient of the distribution around its maximum) than BB a mechanism of orographic origiiifigsmill et al, 2009.
spectra. We use this property to build a steepness-orographicrom the BBY data set and the 2003/2004 winter part of the
filter which labels 1 min time intervals ageepor not-steep ~ CZD database, we consider time intervals where the bright
Steep time intervals are time intervals during which precipi- band is present (BB) and time intervals where the bright band
tation is mostly orographic in origin, and “generate” the fatter is absent (NBB) following the classification scheme of Ta-
right tail observed in renormalized spectra of NBB data setsble | of Martner et al(2008. In this way the subsets BBY-
(i.e. removing steep time intervals from the NBB data setsBB, BBY-NBB, CZD-BB, and CZD-NBB are obtained.
removes the discrepancies between the renormalized spectraThese data are processed as in the companion plper (
of BB and NBB skewness class subsets). naccolo and De Miche]e2012. Firstly minutes with total
counts<=60, or with only 2 diameter classes with non zero
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counts, are eliminated from the database. This procedure erseries of renormalized diametBr;z. However one can asso-
sures that mean, standard deviation and other variables useihate to a disdrometer count of the j-th classy ; different

to describe instantaneous distributions are statistically sigdiameter value® extracted randomly and uniformly in the
nificant. After this procedure the remaining 1 min intervals range ofj-th class, and using the first identity of EQ) ¢ ;

are checked for outliers drop counts. Outliers drop countdifferent values of the renormalized drop diameigy. With
occur when gaps (disdrometer classes with zero counts) exhis process of “randomization”, one can associate to a se-
ist between occupied diameter classes. For each minutquence of disdrometer drop counts a sequence of renormal-
we identify the class with the maximum count, and thenized drop diameters, andthenadeny@‘d(DR). Each rep-

the no gap region containing it. Drop counts which do not etition of the randomization process creates a new sequence
belong to the no gap region constitute an extremely smalland a new density. In the limit of an infinite number of repe-
portion of the database~0.1-0.2% of the total number titions the arithmetic average of the densii;h%%”d(DR) con-

of drops) but they can produce statistical artifacts (see Ap-verges to a limiting distributiopg (Dg):

pendix), and thus these drop counts are set to zero. Once L

processed as described above, the three data sets consid- _ T

ered in this work and their subsets have the following com-gG (Dr) = N 21: Nr p6.1 (D) @
positions: (1) DRW 6863 min and 2753796 drops, DRW

stratiform 1844 min and 354 743 drops, and DRW convec-whereN; is the drop count in thé-th renormalization time
tive 1536 min and 1064 561 drops. (2) BBY 10804 min and interval, pg ;(Dg) is the instantaneous renormalized spec-
5389240 drops, BBY-BB 3273 and 1493843 min, BBY- trum, andN is the total number of drops in the particular
NBB 2614 minu and 1517 381 drops. (3) CZD 76 137 min sequence of disdrometer drop counts considered. We con-
44252 384 drops, CZC-BB 3883 min and 2 006 234 drops,sider the probability densitps (Dg) defined by Eq.2) as

and CZC-NBB 3551 min and 2 887 789 drops. the renormalized spectrum associated with a particular series
of disdrometer drop counts.
2.2 Methods As in the companion papelghaccolo and De Michele

2012, the skewness is used to compare instantaneous renor-
malized spectrag, ; (Dg) and the concept of skewness class
will be used to divide a data set in subsets with com-
parable values of skewness. A renormalization time in-
{D — Dp = 2w terval I belongs to the skewness classif the relative

We adopt the same renormalization procedure of the com
panion paperl@naccolo and De Miche]&2012. For each
renormalization time interval, 1 min in our case:

o1 (1) difference of the corresponding skewnegswith respect
D Dgr) = Dr + . o
P6.1(D) > pe.1(Dr) = o1 pc.r (o1 Dr + p1) value 0.64 is within the percentage range-{(1/2) x 100,
whereu; ando; are the mean, and standard deviation of (r + 1/2) x 100]: e.g. the skewness class zero (s0) imphes

the drop diameter observed at the ground. This renormalizain the range [0.32, 0.96], the skewness class plus-one (s +1)

tion, originally introduced inlgnaccolo et a].2009 Ignac-  impliesy;, in the range [0.96, 1.60], while the skewness class
colo and De Michelg2010, operates differently from the minus-two (s- 2) impliesy; in the range +0.96, —0.32].
other renormalizations available in Literature, e¥lillis, The value 0.64 is adopted as reference for the skewness pa-

1984 Sempere Torres et all994 Maki et al, 2001, Tes-  rameter in order to have the same skewness classes as the

tud et al, 200%, Uijlenhoet et al.2003 Campos et al2006 companion papergnaccolo and De Miche|e2012 and in

Hazenberg et gl201]). In fact Eqg. () operates a change order to compare results at different sites (DRW, BBY, and

of variable, from the drop diametdd to the renormalized CZD) for a fixed skewness class.

diameterDpg, having zero mean and unit variance. The in-

stantaneous renormalized spectrum is, in this case, the inAdditional parameters used to describe drop size

stantaneous probability densipt ;(Dg) of the renormal-  distributions

ized drop diameter. This density is obtained from that of the

drop diameter observed at the groyngl; (D) using the sec-  Additional parameters are used to characterize the properties

ond identity of Eq. {). of the instantaneous spectra. The first additional parameter
Usually disdrometer data are categorized in diametelis the kurtosig; (the fourth standardized moment) since it is

classes so that for each drop one does not know the “exthe next logical choice after the skewnesgsin the statistical

act” value of the diameter, but only that the diameter was indescription of a distribution through its central standardized

a given range. We refer to this effect as the “quantizationmoments. We remind the reader that instantaneous not renor-

error”. Due to the quantization error the probability den- malized and renormalized spectra have the same value of all

sity pg.1(D), and as a consequence the probability densitystandardized moments of orde8, (skewness, kurtosis, etc.)

pc.1(Dg), is a step function with constant value inside the in virtue of Eq. (9) of the companion papégaccolo and De

range of each diameter class. Moreover given a series of disMichele, 20129. In addition to the kurtosis we will use four

drometer counts, it is not possible to associate to it a uniquedditional parameters. These parameters aim to “capture”
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what are the known properties of orographic not renormal- 0.2
ized instantaneous drop size distributiopé (D)): (1) abun- 0.16
dance of small drops with the largest diameter rarely ex- ~ 1,
ceeding 2mm (narrow)Blanchard 1953 Fujiwara 1967), E 0.08

(2) widely skewed Campos1999 with a steep exponential
decay at larger diameterMartner et al. 2008. The four 0.04
parameters are: (1) the disdrometer diameter class of maxi- 0
mum densityj,, ;: the modal class. (2) The class sp&n 0.2
the number of consecutive disdrometer diameter classes with ;5
non zero probability density. (3) The percentage occupancy

X o ) > 0.12
%0;: the fraction (0— 1) of the probability density con- £
tained in the first four disdrometer diameter classes. (4) The® 008 542
left and right gradient¥’; ; andVy.; of the probability den- 0.04 .
sity around the maximum value. These last quantities are 0
defined as follows: 02
PG,I(D_/mJ—k) - PGJ(D_/,,,,,) 0.16
Vir = KDl = 012
jm,l Jm, 1=k (3) \zz .
v PG\ Dy k) — PG,I(DjmJ) o 0.08
k1= Dfm,l‘*”‘ - Dfm.l 0.04
. . _ 0
where D, , is the middle value of thg,, ; diameter class, -1.6 -0.96 -0.32 0.32 0.96 1.6 224 2388 352
while the symbolD} (DF) indicates the left (right) border Vi

of the ! diameter class. The integéris set to 4 unless N )
Fig. 1. The probability Prg¢;) for the datasets examined. In all

rc.1(Dj, ,+4) is equal to zero orj, ;=4 is not a valid - P Y - -
value ([L, 20]) for a diameter class. In such a cass set parjels,'solld lines indicate _the probability for_ the gntlre datas_et,
to the maximum possible value in the range [0, 3] so thatWhlte diamonds th'e probability for subsets with bright band sig-
. ) . . nature (DRW stratiform, BBY-BB, and CZD-BB), and black dia-
pG’I(DJ'm,Ii“,) is larger tha‘n zero o, £ 4is avalidvalue 54 the probability for subsets without a bright band signature
for a class diameter: e.g. jf, ; =0 thank =0 andVv, ; =0. (DRW convective, BBY-NBB, and CZD-NBB). The shaded regions
indicate different skewness classes.

3 Results

the renormalization time intervals in the data set belonging

to a given skewness class, and the percent&geof the

Figure 1 shows the probability Py{) of having a renormal- database total number of drops belonging to renormalization

ized (not renormalized) spectrum; ; (Dx) (pg.; (D)) with ~ time intervals in a given skewness class. As expected from

skewnessy; for all the datasets examined: DRW databaseFid. 1, the percentagé% inside each skewness class does

and its two subsets, stratiform and convective, on the top0t change appreciably between BB and NBB subsets in the

panel, BBY and its two subsets, BBY-BB and BBY-NBB, on Same location, the only notable differences-are % differ-

the middle panel, and CZD and its two subsets, CZD-BB andence in the population of the sO skewnwss class,~ardt %

CZD-NBB, on the bottom panel. The results in Bodega Bayin the population of the s +2 skewness class between CZD-

and Cazadero mirror those in Darwin. In all cases the probBB and CZD-NBB. More notable differences occur if one

ability Pr(y;) for the entire datasets (solid lines) is strongly considers the% of drops inside each skewness class. In this

peaked. In all cases the distributions relative to subsets with £2s€ When moving from the BB to the NBB subset the per-

bright band signature (DRW stratiform, BBY-BB, and CZD- centage of drops in the skewness class s0 increases§ %

BB) and to those without a bright band signature (DRW con-for BBY and ~+10% for CZD) and that in the skewness

vective, BBY-NBB, and CZD-NBB) are similar to each other class s+2 decreases (-2.5% for BBY and~ —6.5% for

and to the results for the entire datasets. The main differenc€ZD)-

is in the locations of the peaks, the distributions in Darwin are

peaked aj; ~ 0.64, those in Bodega Bay at ~0.72-0.88, 3.2 Renormalized spectra of skewness class data sets

and those in Cazadero gt ~0.88-1.04. We will propose

an explanation for the possible origin of the shift in the peakNext, we divide, as done in the companion papgnéccolo

location in the “Conclusions” Section. and De Michele2012), all databases in subsets according to
Table 1 reports, for bright band and non bright band sub-the skewness class of each renormalization time interval. We

sets at Bodega Bay and Cazadero, the percenteégesf calculate the probability densipy; (D) of the renormalized

3.1 Skewness
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Table 1. Classification of the BBY-BB, BBY-NBB, CZD-BB, and CZD-NBB data sets in classes of skewness using the number of time
intervals (%), and number of dropg/6).

Data set BBY BB BBY NBB czC BB CZC NBB
Class ofy I% d% 1% d% I% d% 1% d%
s—2[-0.96,-0.32 0.33 0.21 0.42 0.18 0.05 0.009 0.25 0.05
s—1[-0.32,0.32 7.15 7.32 8.49 5.03 6.51 5.88 5.66 3.32
s0[0.32, 0.96 57.28 53.92 56.04 61.57 35.17 33.89 40.13 43.38
s+1[0.96, 1.60 30.09 29.82 27.54 2584 42.72 4121 41.87 4251
s+2[1.60, 2.24 4.40 7.51 5.35 4.90 12.02 14.05 8.47 7.46
s+3[2.24,2.88 0.58 0.80 1.22 1.20 2.83 3.98 2.29 2.17
S+4[2.88, 3.52 0.12 0.34 0.46 0.54 0.46 0.63 0.59 0.53
s+5[—-0.96,—1.60] 0.03 0.06 0.34 0.54 0.12 0.20 0.50 0.44
s+6[—0.96,-1.60] 0 0 0.04 0.07 0.08 0.12 0.08 0.09

drop diameterDg for each subset using ER)( Figure2 relevant differences in the distribution of skewness values for
depicts the results for the skewness classes frdtrto +3  the BB and NBB rain in both Bodega Bay and Cazadero sites.
(the remaining skewness classes have less than 10 time inteAre there some parameters other than the skewness which
vals in the corresponding data sets and are not considered faan be used to “capture” the BB vs. NBB discrepancies?
comparison) for the entire DRW data set (solid line), BBY-

BB (long dashed line) and BBY-NBB (circles) subsets, and3-3 Differences in spectra between BB from NBB

CZD-BB (short dashed line) and CZD-NBB (triangle) sub- precipitation

sets. For the Darwin site no distinction is made between strat- i L

iform and convective since no appreciable difference exists in've will now look for parameter§ despnbmg instantaneous
this case (see Fig. 3 of the companion pafmgraccolo and spectra,_pG,,(D), to build a rr_1etr|c which _somew_hat Sepa-
De Michele 2012). We see how the results for the BBY-BB rates bright band from not bright band rain t_|me mterv_als at
and CZD-BB are similar to those of the Darwin data sets forBOdega Bay and Cazadero. In order to avoid presenting the

all the skewness classes. Some differences are observed fEsults of the following analysis for the sO, s+1 ang2s
the s+3 skewness class where DRW, BBY-BB, and CzD-c/asses separately, we pasted together the sO, s+1, and s+2

BB densities have the same shape until the DRW and theﬁubsets creating the s012 skewness class subset for each one

the BBY-BB densities drop sharply. These differences are0f the databases we considered: s012-BBY-BB, s012-BBY-
due to sampling inaccuracies and are not statistically signif-NBB’ s012-CZD-BB, s012-CZD-NBB, s012-DRW strati-

icant. We consider the range for which densities are statisf0rM: @nd s012-DRW convective (we did split the Darwin

tically significant as the range for which the density value:sdata set so that we can directly compare bright band data

correspond to probability valugs10/M, M being the total sets at Bodega Bay and Cazadero with stratiform precipita-

number of drops in the data set considered. When the densFion in absence of any orographic effect as we expect to be

ties pc (Dg) of NBB subsets are compared to BB subsets Wethe case in Darw_in). Results relative to s012 sgbsets _do not
see how a fatter left tail is present for the s0, s + 1, and S+2j|ﬁ‘er for all practical purposes from those relative to single

skewness classes. These differences cannot be ascribed jREWNESS classes (s0, s+1, and s +2) subsets. In all the fig-
to sampling effects. On the contrary, the fatter left tails for ures presented, lines will indicate the results for s012 subsets

the s+3 class, and the lack of an extended right tail for the!VIth @ bright band signature (solid line for SO12-DRW strat-

s—1and s 2 classes are due to sampling inaccuracies iform, long dashed line for s012-BBY-BB, and short dashed
. 2 indi hat th in diff b ' h lines for s012-CZD-BB dataset), while points indicate the re-
Figure 2 indicates that the main differences between theg ¢ tor data sets without a bright band signature (squares for

dgnsitieaog(DR) of the renormalized drop diametex rel- s012-DRW convective, circles for s012-BBY-NBB, triangles
ative to the BB and NBB subsets both at Bodega Bay and &}, 1o $012-CZD-NBB)

Cazadero occur for the skewness class sO, s+1, and s+2.

Since during time intervals without bright band signature 3.3.1 Kurtosis

precipitation is mostly orographic in naturilértner et al,

2008, the observed differences must be due to peculiar propThe top-left panel of Fig3 reports the cumulative distribu-
erties of the shape of instantaneous spectra of orographic oriion functionsF (k) of the kurtosis for both the bright band
gin. These properties are evidently not “captured” by theand non bright band data sets. No relevant differences are
skewness parameter since Figindicates that there are no observed, thus we judge the kurtosis not to be a valid metric
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Pc(DR)

-5 0 5 10 15 -5 0 5 10 15

Fig. 2. pg(Dpg) for skewness class subsets obtained from the entire DRW database (solid line), the BBY-BB database (long dashed line),
the CZD-BB databases (short dashed line), the BBY-NBB database (circles), and the CZD-NBB database (triangles). The label on the top of
each panel indicates the skewness class: s0, s+ 1, s+2, s+3a0d s- 2.

to “separate” BB and NBB data sets at Bodega Bay anddepending on site location or presence/absence of a bright
Cazadero. We notice how the kurtosis values grow largetband radar echo.

moving from Darwin to Bodega Bay and then to Cazadero.

This growth is simply due to the growth in skewness (shift of 3.3.2  Other parameters

the peak location of Py{) shown in Fig.1) as the skewness ) _ .

value “fixes” also the kurtosis value. To prove this point we Next, we consider other possible parameters describing the
consider the range [0.32, 2.24] of skewness values (the entiréiStantaneous spectra in order to differentiate between BB
range of the s0, s+1, and s+ 2 skewness classes) and dividd'd NBB rain periods. These parameters are (see Seft.

itin bins of width 0.16 (1/4 of the range of a skewness class)the disdrometer diameter class of maximum dengjty;,

For each bin we consider all the possible values of the kurtofhe class spad;, the percentage occupancyOf the left

sis and calculate the 5%, 50 %, and 95 % quantile of the cornd right gradients’,, ; and V., of the probability density
responding distributions. We see, top-right panel and bottonfround the maximum value. Figu#eillustrates the cumu-
panels of Fig3, how the 5% and 50 % are really indepen- lative density functions for these variables. When we com-
dent from the particular data sets considered. The same capp"e the NBB result at Bodega Bay and Cazadero with the
be said for the 95 % althought the results are more “noisy"corresponding BB at the same sites, we see how NBB in-
as they are partially affected by statistically inaccuracies. InStantaneous probability densitipg. ; (D) are more concen-

(F(%O0y)), are narrower £(S;)), and have the maximum

Hydrol. Earth Syst. Sci., 16, 329343 2012 www.hydrol-earth-syst-sci.net/16/329/2012/



M. Ignaccolo and C. De Michele: Comparison of drop size distributions 335

1 s ey T T T T 12
5%

0.8 8
= 06 1t .18
N—r / ¥_
N 04} 1

0.2t 1t 14

0 -

0 10
K|

12 12

8 | 1t 18
¥ v

4 r 1 T 14

Y| ' . Yi

Fig. 3. Distribution of kurtosis and skewness-kurtosis relations. The top-left panel reports the cumulative distribution fuf@tjoraf the

kurtosis. The other three panels give the 5% (top-right panel), 50 % (down-left panel), and 95 % (down-right panel) percentile of kurtosis
in 0.16 width bin of skewness. The solid line represents DRW-BB database, long dashed line the BBY-BB database, short dashed line the
CZD-BB database, the squares the DRW-NBB, the circles the BBY-NBB database, and triangles the CZD-NBB database.

located predominantly=90 % of the cases) in the first 4 di- The bottom panel in Fig4 shows the cumulative den-
ameter classX (j,.1)).- These observed properties closely sity functions for the left and right gradientg, ; and Vg ;
match the known properties of orographic precipitation: dropof the instantaneous probability densjy: ; (D) around the
size distributions which have an abundance of small dropsmaximum value. The horizontal solid line indicates the 5%
and are narrow, with the largest diameters rarely exceedprobability level, while the vertical line indicates the zero
ing 2 mm @Blancharg 1953 Fujiwarg 1967). We note also  value for both the left and right gradients. The right gra-
how the discrepancies between NBB and BB are consisdients of the NBB databases at Bodega Bay and Cazadero
tently larger in Cazadero than in Bodega Bay. When thehave much smaller~4 times smaller) 5% quantile and
cumulative density functiong(%0;) and F(j,. ;) for the  wider range (0 to minimum value) than the corresponding
s012-BBY-BB and s012-CZD-BB data sets are compared tdBB data bases. Among data sets with a bright band s012-
those relative to the s012-DRW stratiform data set, we ob-BBY-BB and s012-CZD-BB have a much wider8 time
serve the same discrepancies observed in the NBB vs. BBarger) range than the DRW stratiform data set, however the
comparison but with a “smaller” intensity. Once again for 5% quantile of s012-BBY-BB is almost identical to DRW
Cazadero larger differences are recorded than for Bodegatratiform, while that of s012-CZD-BB is almost the dou-
Bay. These reduced discrepancies are compatible with thele. In all cases, databases at Cazadero have the smallest
notion that even if the bright band signature is present precip5 % quantile. For the left gradients both s012-BBY-NBB and
itation which is orographic in nature may still occidrtner ~ s012-CZD-NBB have a smaller60 % and—70 % resepc-

et al, 2008. Regarding the spafi; we observe a slightly tively) 5% quantile than s012-BBY-BB and s012-CZD-BB.
larger (smaller) average value for the s012-BBY-BB (s012-The range of s012-BBY-NBB is wider than those of s012-
CZD-BB) data set when compared to the Darwin stratiform BBY-BB but the opposite is true for s012-CZD-NBB and
data set. Finally the results relative to the DRW convectives012-CZD-BB. Moreover the data sets in Bodega Bay are
data set show that convective precipitation with respect tathose with the smallest 5% quantile. We think, this is due
stratiform precipitation has on average a larger sparbut  to the fact that for>60% of the s012-CZC-NBB data set
comparable percentage occupancg fand disdrometer di- the disdrometer diameter class of maximum dengjty is
ameter class of maximum density ;. the first one= V. ; =0, with second third and fourth classes
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F(40))

FOL), FORY

Fig. 4. Cumulative density functions of the following variables: the percentage occupafgy(&pper panel), the class sp&p (second

panel from the top), the disdrometer diameter class where the maximum dgpsitfthird panel from the top) occurs, the left and right
gradientsvy, ; andVg ; of the probability density around the maximum value (lower panel). The solid line represents DRW-BB database,
long dashed line the BBY-BB database, short dashed line the CZD-BB database, the squares the DRW-NBB, the circles the BBY-NBB
database, and triangles the CZD-NBB database. The horizontal solid line indicates the 5% probability level.

having a much smaller probability. However for the s012- s012-DRW stratiform dataset and the s012-BBY-BB have al-
BBY-NBB the most probable disdrometer diameter class ofmost identical left gradients, while the s012-CZD-BB value
maximum densityj,, ; is the second class followed by the is larger by a factor 0.5. The range is also the widest for
third and the by the first<€20%). As a consequence there s012-DRW stratiform, with s012-BBY-BB and s012-CZD-
are many moré/;, ; <0 for s012-BBY-NBB than for s012- BB having both~20 % smaller ranges. Finally both for the
CZD-NBB. For data sets with a bright band signature, theright and left gradients the 5% quantile and the range of the
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s012-DRW convective data set is similar to that of the s012-Short 1996 occupy almost non overlapping volumes in the

DRW stratiform data set. log,o(N1)uror-plane. One remarkable property of the steep-
_ ness filter is that the steep and not-steep portions of a data
3.4 Steepness filter base (s012-BBY-NBB, s012-BBY-BB, s012-CZD-NBB, and

s012-CZD-BB in our case) occupy two non overlapping vol-
The division in BB versus NBB sets according to radar ymes in the logh(N1)ieor-plane. Thew;log;o( N )-plane
maps is not a “black vs. white” one. Radar maps are ob-projections, left column of Figs, indicate that none of the
tained averaging 30 min radar reflectivity data, while instan-not.steep (blue crosses) renormalization time intervals have
taneous distributions refer to 1 min time intervals. Thus dur-an gverage diameter; <0.5mm, while steep renormaliza-
ing BB (NBB) intervals the presence of 1 min time intervals tion time intervals (red squares) are mostly concentrated in
for which precipitation is almost exclusively of orographic the regiory.; < 0.5 mm although some have a larger value of
(stratiform) origin is possible. Even more complicated sit- the average diameter. This overlap between steep and not-
uations can arise where both the orographic and stratifornyteep intervals is not present in thes;-plane projections,
mechanisms of drop production can operate simultaneouslyignt column of Fig.5, where red squares and blue crosses
with different relative strengths. Here, we look for a metric represent two matching puzzle pieces: steep renormalization
which is capable of identifying 1 min time intervals where time intervals with an average diameter > 0.5 mm have a
precipitation occurred mainly through an orographic mecha-standard deviation; which is either larger or smaller than
nism. One of the advantages of this eventual metric with reypat of not-steep time intervals indicating a “strong correla-
spect to the radar echoes usedbgrtner et al(200g would  tjon” petweenp;, o; and the “steepness” of the instanta-
be its 1 min time resolution versus the 30 min resolution of negus probability densityg ; (D).

the radar technique. The results of Fgndicate that a sharp Another remarkable property of the steepness-orographic
difference exists between NBB and BB data sets at Bodeggjter is that it eliminates the right fatter tail discrepancies
Bay and Cazadero for the right and left gradients. Thereforgq; the probability density (Dg) of the renormalized drop
we use this variable to build a “steepness-orographic filter”.giameterpy, Eq. @), observed in Fig2 in the case of the
One could envision a different metric, however the proposedsp s+1, and s +2 skewness class subsets of NBB rain pe-
metric has, in our opinion, some remarkable properties.  riods. Figure6 shows, left columns, probability densities
Given a renormalization time interval(of length 1 minin - (p ) for the skewness class s0, s+ 1, and s + 2 sub sets of
our case) of a dataset belonging to either the sO, s + 1, or S+ the not-steep portions of the s012-BBY-NBB and s012-CZD-
skewness classes, the steepness-orographic filter operatesj§B data sets, together with the corresponding densities for

follows BBY-BB and CZD-BB. There are no fatter tails and the den-
I is steep ifv, ; < —9.2 OR Ve, < —4 sities are remarkably similar. Although s012-BBY-BB and
! L1 = =3 RI = @ d s012-CZD-BB h lization time intervals
Iisnotsteepitvy; > —9.2AND Vg ; > —4 ands ave steep renormall

their contribution to the tails is not relevant and their inclu-
The values—9.2 and—4 are the 5% quantile of the left and sion or not does not alter the densities. If we compare the
right gradients for the DRW stratiform dataset. Thus this fil- densities BBY-BB and CZD-BB with the steep portions of
ter labels as “of strong orographic nature” the precipitationthe s012-BBY-NBB and s012-CZD-NBB data sets, right col-
inside all renormalization time intervals whose left and right umn of Fig.6, we see again the right fatter tail discrepancies.
gradients qualify as statistically “uncommon” (5 % quantile) It may seem counterintuitive that steeper distributions re-
at Darwin (which is taken as reference data set for absencsult in a fatter tail. However it is not so. The left and
of orographic effect). When applied to the s012-BBY-NBB right gradientV, ; and Vg ; are defined for the instanta-
data set, 1428/232561.41 %) renormalization time inter- neous probability densitys ; (D) while the fatter right tail
vals are classified as steep, while for the CZD-NBB data sebccurs forps (Dg) which is an average, EQ), of single in-
the ratio is 2381/3213x74.10%). For the data sets with stantaneous renormalized densitiges;(Dg). The left and
bright band signature we find a ratio of 251/30648(35 %) right gradients are not preserved by the renormalization pro-
for BBY-BB, and of 1149/3492+£32.90 %) for CZD-BB. cedure. Using Eq.1) together with Eq. 3) we see that

We now consider where the steep and not-steep portionthe left and right gradients for the densitipg ;(Dg) dif-

of a dataset reside in the IggN;)u or-plane. The aver- fer from those relative tp, ; (D) by a multiplicative factor
age u; and the standard deviatiasy of the drop diame- (o7)2. Steep renormalization time intervals have a less than
ters are the only two parameters involved in the renormal-unity standard deviation, and have a smaller standard devi-
ization procedure, Eql}. The logarithm of the drop count ation than not-steep renormalization time intervals, with the
Ny, instead of the drop count itself, is chosen for a bet- exception of a fraction of the cases for whigh > 0.5mm
ter visualization. These three parameters are the “main’(Fig. 5). Therefore the steepness p§ ;(Dg) is greatly
variables adopted in our statistical description of the rain-reduced for steep, according ia; ;(D), renormalization
fall phenomenon: e.g. we have shown Ignaccolo and time intervals while, in comparison, not-steep, according
De Michele (2010 that rainfall rate classesTgkay and to pg.;(D), renormalization time intervals are subject to a
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Fig. 5. Steep (red squares) vs. not-steep (blue crosses) portions, of BBY-NBB and CZD-NBB (the first four upper panels) and BBY-BB,
CZD-BB (the four lower panels), both in theylog;o(N;) plane (left panels), and in the;o; plane (right panels).

much smaller reduction. A similar effect would be expectedfour diameter classes. As a consequence extremely negative
for the left tail, at least in the case of the BBY-NBB subsets asvalues of the renormalized drop diameter, see Exdo not
suggested by the cumulative density functi(v,, ;), bot- occur.

tom panel of Fig4. However fatter left tails are not observed  Finally, we see how the division in steep and not-steep sub-
for the density of the BBY-NBB, or any other subsets. The sets affects the cumulative density functions of the disdrom-
rationale is that (1) overall the value of the left gradients areeter diameter class of maximum densijty;, the class span
larger than those of the right gradients. (2) Very small valuess;  the percentage occupancy® Fig. 7 reports in the left

of the left gradients occur for 1 min time intervals for which column the results for the s012-BBY-NBB and s012-CZD-
the maximum of the densityg, ; (D) and the mean values NBB data sets, and in the right column the results for the
w1 (see Figs4 andb) are located predominantly in the first s012-BBY-NBB and s012-CZD-NBB data sets. We see how
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dashed line).

in all cases the steep subsets (red and blue solid lines with ndtistribution as in the case of Darwin explored in detail in the
filled points) have instantaneous spectra which are more coneompanion papefdgnaccolo and De Miche]@012. As for
centrated in the first four diameter classes, more narrow, an®arwin there are no dramatic differences in)R¥(between
more apt to have a maximum in the first four diameter classeslata sets with or without a bright band signature, even if
than the entire data sets (red and blue solid lines): in thighe absence of a bright band echo in Darwin is associated
sense the figure validates the use of the word “orographic’with convective precipitation, while in Bodega Bay and in
in “steepness-orographic filter”. Not-steep subsets (red an€Cazadero to the occurrence of orographic precipitation.
blue solid lines with filled points) have instantaneous spectra Differences are present for the renormalized spectra
whose properties are closer to those of the DRW stratiformpg (D) relative to different skewness class subsets of bright
database (solid black line). band and non bright band rain periods (R2j. In the latter
case the subsets relative to the skewness classes s0, s+ 1, and
s+ 2 have a fatter right tail. These differences are not present
4 Conclusions in Darwin when one compares stratiform (bright band) to
convective (no bright band) precipitation. In Darwin strat-
The investigations presented in this work have led to severaiform or convective instantaneous renormalized spectra with
results. the “same” (in the sense of skewness class) value of skew-
Both in Bodega Bay and in Cazadero the distribution N€Ss have a common shape. This is not true in Bodega Bay

Pr(y;) of the skewness value of instantaneous raindrop spec@nd in Cazadero as NBB spectra differ from BB spectra in
tra is strongly peaked (Fig). Thus there is a most common SPite of having the same skewness.
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jm,I jm,l

Fig. 7. Cumulative density functions of the following variables: the percentage occupatgy(tép panels), the class spap (middle
panels), and the disdrometer diameter class where the maximum dgpgipottom panels) occurs. The right (left) column refers to NBB
(BB) sets: s012-BBY-NBB (s012-BBY-BB) solid blue line, s012-CZD-NBB (s012-CZD-BB) solid red line, steep subset of s012-BBY-NBB
(s012-BBY-BB) solid blue line and blue filled circles, steep subset of s012-CZD-NBB (s012-CZD-BB) solid red line and blue filled circles,
not-steep subset of s012-BBY-NBB (s012-BBY-BB) solid blue line and blue not filled circles, and not-steep subset of s012-CZD-NBB
(s012-CzD-BB) solid red line and blue not filled circles.

NBB spectra are (Figd) with respect to BB spectra more (since no appreciable overlap is observed between the steep
concentrated in the first four diameter clasPes 0.715mm,  and not-steep volume projections on theo;-plane, one
narrower, more apt to have the maxima located in the firstcould redefine the steepness-orographic filter in terms;of
four diameter classes, and are steeper. These features agraeds; only). Another remarkable feature is that the filtering
with what are the known characteristic of orographic precip-procedure eliminates the discrepancies (see@}igbserved
itation Blanchargd 1953 Fujiwarg 1967 and the identifica- for renormalized spectrag (Dy) relative to different skew-
tion of NBB as rain periods during which condensation andness classes (s0, s+1, and s+ 2) subsets of bright band and
precipitation are mostly orographic in natuilfite at al, non bright band rain periods.

2003 Martner et al.2008. It is worth clarifying in which sense the filter defined in
We used the steepness parametérsy and Vi ; to de- Eqg. @) is an “orographic” filter. Renormalization time inter-
fine a steepness-orographic filter which divides a data set iryals denoted as steep are time intervals during which precip-

steep and not-steep subsets. A remarkable property of this filtation is almost exclusively of orographic origin (Figs.5,

ter is that steep and not-steep renormalization time interval@nd7). This does not mean that during not-steep time inter-
occupy two separate volumes in the Jg@V;)u or-plane vals orographic precipitation does not occur but just that it is
(Fig. 5). This means that one can redefine the steepnesgot predominant.

orographic filter in terms of the paramete¥s, «;, ando;
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Fig. Al. The probabilitiesp(w ), panel(a), p(oy) , panel(b), p(L), panel(c), andp(R;), panel(d), for DRW database and the BBY-BB
and CZD-BB databases. Solid lines with outliers drop counts, dashed lines without.

Finally we want to comment on what may cause the shiftat Darwin. Moreover the fact the Cazadero is in the Coastal
in the location of the maxima of Brf) observed in Figl. Range Mountain, while Bodega Bay is on the coast would
After all, bright band (stratiform) precipitation at Bodega suggest a stronger orographic effect in Cazadero than in
Bay and Cazadero should have the same characteristic as thAbdega Bay explaining why the shift in skewness values is
at Darwin. A possibility is that the difference in peak loca- larger at Cazadero.
tion is due to the fact that at Darwin the precipitation is of
monsoon origin while the data bases considered at Bodega
Bay and Cazadero refer to winter storms arriving from the Appendix A
Pacific Ocean: synoptic hypothesis. However, we think that
the evidence presented here suggests another hypothesis: thee effect of outliers drop counts
orographic hypothesis. The shift may be due to the presence . .
of orographic precipitation. In fact even in the presence ofHere we discuss the effect of outliers drop counts on: (1) the
the bright band signature (the presence of a bright band echfgnormalization parameteys, , the mean drop diameter, and
is inferred using 30 min averaged radar data) orographic pre¢z- the standard deviation of the drop diameter; (2) the left
cipitation may occur and be either predominant leading to@nd right tail of the probability density function at ground
“steep” time intervals£8.35 % of BBY-BB and~32.90%  PG(Dr) for the renormalized drop diametérz (Eq. 2). In
of CZD-BB data sets are steep intervals) or simply OCCLJrth!s'latter case we WI||' introduce two extra parameters: the
in superposition, without being predominant, to the rain of Minimum L; and maximumg; value of the renormalized
stratiform origin White at al, 2003 Martner et al, 2009. drop diameterDg inside the renormalization time interval
In the latter case we expect an enhancement of the drop DOF!-' These parameters are calculated applying the first relation
ulation in the first four classes (@) and larger possibil-  ©f EQ. (1) to the left (right) border of the smallest (largest)
ity that the maximum of instantaneous spectra is located irfiameter class with a non zero count.
the first four classesjg. ;), and the spans() of the spec- To quantify the effect of the outliers drop counts we com-
tra to remain essentially unaltered. This is precisely whatPare the values of the parameters, o7, L;, Ry, and the
we observe when we compare (Figsand7) the cumula- probability densitiep s (Dg) with and without outliers. Fig-
tive density functions for the variables@p, j,.;, ands; of ures A1-A3 show the results of these analyses. In Fig. A1 we
BB data set or not-steep subsets of any set with the respe(5:.0nsider the entire DRW database and the subsets of BBY

tive cumulative density functions for stratiform precipitation @nd CZD databases with negligible or small orographic per-
turbation (CZD-BB and BBY-BB), and plot the probabilities
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Fig. A2. The probabilitiesp(u ), panel(a), p(oy), panel(b), p(L;), panel(c), and p(R;), panel(d), for the BBY-NBB and CZD-NBB
databases. Solid lines with outliers drop counts, dashed lines without.
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Fig. A3. The probability densitypg(Dg) for the entire DRW
database and the BBY-BB and CZD-BB databases — fajeind
for the BBY-NBB and CZD-NBB databases — pafigl. Solid lines
with outliers drop counts, dashed lines without.

of observing a particular value of the parametefso;, Ly,

in Fig. A2. The “strong” effect on the maximum renormal-
ized drop diameteR; is due to some instances where the
largest diameter class with a non zero count is separated from
the non gap region by more than 1 diameter class, i.e. the fol-
lowing drops count: 11171016 1221291686197500
01000.

These results suggest that the right tail of the probabil-
ity density pg (Dy) is heavily affected by outliers. This hy-
pothesis is confirmed by the plots reported in Fig. A3. We
see how the exceedingly slow decay (when compared to the
DRW and the BBY-BB databases) of the right tail the prob-
ability pg (Dp) relative to the CZD-BB database (solid blue
line of Fig. A3a), is due to the renormalization time inter-
vals with outliers drop counts (in agreement of Fig. Ald).
Once the outliers are removed from all the three data sets the
probabilities pg (D) show the “same” (differences due to
just sample fluctuations) decay. Figure A3b shows that the
right tail of the probabilityps (Dg) of CZD-NBB database
has a slower decay than the one of BBY-NBB database when
the outliers drop counts are included (solid line) and a better
agreement when the outliers are excluded (dashed line), as

andR; prior (solid lines) and after (dashed lines) the removal expected from the results depicted in Fig. A2d.
of outliers drop counts. We see how the presence of outliers

drop counts perturbs only lightly the distributions of the av-
erage drop diameter;, the standard deviation of drop diam-

eterso; the minimum renormalized drop diametier, while
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