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Abstract. A study was performed using the first full year 1 Introduction

of rain gauge records from a newly deployed network in the

Southern Appalachian mountains. This is a region characThe TRMM (Tropical Rainfall Measuring Mission) was
terized by complex topography with orographic rainfall en- |aunched in 1997 in order to provide precipitation measure-
hancement up to 300% over small distance8km). Rain  ments between latitudes 48-40 N with a revisiting time
gauge observations were used to assess precipitation estf gne day on average. Since the beginning of the mis-
mates from the Precipitation Radar (PR) on board of thesjon, significant efforts were directed toward ground vali-
TRMM satellite, specifically the TRMM PR 2A25 precipi- dation (GV) of TRMM science products (e.g., Robinson et
tation product. Results show substantial differences betweeg|. 2000: Wolff et al., 2005: Amitai et al., 2006: Marks et
annual records and isolated events (e.g. tropical storm Fay)| 2009; Franchitto et al., 2009, among others) and several
An overall bias of-27% was found between TRMM PR stydies provided a comparison of TRMM satellite data with
2A25 rain rate and I‘ain gauge rain rates fOI‘ the Complete On¢ain gauge observations for Various parts of the g|obe (re_
year of study £59% for tropical storm Fay). Besides differ- cently Lamptey 2008; Zhou et al., 2008; Vila et al., 2009).
ences observed for concurrent observations by the satellitejowever, only a limited body of studies is available for satel-
and the rain gauges, a large number of rainfall events is defite precipitation estimates in mountainous regions where
tected independently by either one of the observing systemgatellite-based products tend to severely underestimate rain-
alone (rain gauges: 50% of events are missed by TRMMg)| at higher elevations (Barros et al., 2000; Lang and Barros
PR; TRMM PR: 20% of events are not detected by the rain2002: Barros and Tao, 2008). Therefore, there is a press-
gauges), especially for light rainfall conditions (0.1-2mm/h) ing need for ground based measurements in order to better
that account for more than 80% of all the missed satellite nderstand the underlying microphysical and dynamical pre-
events. An exploratory investigation using a microphysi- cipjtation processes, and to improve retrieval algorithms. In
cal model along with TRMM refleCtiVity factors at selected this Context, the region of the Southern Appa|achians pro-
heights was conducted to determine the shape of the dropides a unique setting to study both warm and cold season
size distribution (DSD) that can be applied to reduce the dif-orographic precipitation regimes (Prat and Barros, 2009a).
ference between TRMM estimates and rain gauge observasor that purpose a high resolution ground observating sys-
tions. The results suggest that the critical DSD parametefem consisting of 33 rain gauges (RG) was deployed in the
is the number concentration of very small drops. For tropi-jnner region of the Southern Appalachians starting in spring
cal storm Fay an increase of one order of magnitude in the007. Rain gauges were installed at mid to high elevations
number of small drops is apparently needed to capture thgong exposed ridges and in remote areas where no measure-
observed rainfall rate regardless of the value of the measureghents had ever been made. Previous studies focused on the
reﬂeCtiVity. Th|S iS Consistent W|th DSD Observations that re- deta"ed ana|ysis Of dep|oyments of Vertica“y pointing radars
port high concentrations of small and/or midsize drops in theg investigate the seasonality of microphysical properties of
case of tropical storms. precipitation (Prat and Barros, 2009a). In this work we use
one year (06/01/08 to 05/15/09) rain gauge observations (20
rain gauges in operation for this period) to assess TRMM PR
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(RG1XX: Fig. 1). Data from rain gauges installed in sum-
mer 2009 (RG3XX: Fig. 1) are not yet available. The tipping
bucket rain gauges used are the model TB3 (RGOXX: catch-
ment size of 200mm; 0.2 mm/tip) and TB3/0.1 (RG1XX:
catchment size of 282.8 mm; 0.1 mm/tip). Each rain gauge
is visited approximately every two-three months for regu-
lar maintenance and data collection. Quality control of col-
lected data is performed for each rain gauge and any doubtful
data were not considered in this study. More details on the
GSMNP rain gauge network can be found in Prat and Barros,
2009a.
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2.2 TRMM PR 2A25 products

of it B A Data used here for the cross-comparison between
S Hees Pyl P d = B - ground based rain gauge records and remotely sensed

0:°.“mif§ : ' Al NG SR rainfall estimates comprise nearly one year of data
— kg T R s o from 06/01/08 to 05/15/09 from the TRMM PR
83.25° W 83° W 82.75° W (Precipitation Radar), specifically the 2A25 products

(http://disc.sci.gsfc.nasa.gov/precipitation/documentation/
Fig. 1. Locations of the rain gauges constituting the GSMNP net- TRMM_README/TRMM_2A25 readme.shtm)/  Briefly,
work in Haywood County, NC. Rain gauges numbered 0XX andthe TRMM PR scanning radar operates at 13.8 GHz and
1XX are used in this study. Rain gauges numbered 3XX installedprovides an instantaneous estimate of the 3-D rainfall
in summer 2009 are only here for representative purposes and argjstribution at the location the satellite overpass. The
not included in the present study. Figure is adapted from Prat andrRMM PR algorithm 2A25 uses a hybrid of the surface
Barros, 2009a. method and the Hitschfeld-Bordan method to correct from

the rain attenuation of the measured reflectivity (Iguchi et

at the time of the satellite overpass. In addition observationsal" 2000). Each overpass covers a 247km wide band, and

from tropical storm Fay that crossed the area in August 2006 |ndependent.est|mate of t.he.ram rate Is -prow.d ed for
will be analvzed separatelyv as a case studv. The paper is oreach beam (horizontal resolution: 0.04®.045; vertical
. y p ately : . pap! resolution: 250m and up to 20km). The TRMM 2A25
ganized as follows: First we provide a brief description of : . .
. ) : roduct includes the estimated rain rate at the actual surface
the datasets used in this study. Second, the rain gauge o R
|

. : . ereafter EstSurfRR) and the rain rate near the surface
servations are used to quantify the spatial and the season Lo :
- o . . ereafter NearSurfRR) which is the estimate at the lowest
variability of precipitation. Third a comparison of TRMM

o : ; : oint non affected by the mainlobe clutter. In addition,
precipitation estimates and rain gauge observations are pre- . :
) ; : RMM 2A25 provides averaged values of the rain rate for
sented. Finally, a microphysical model (Prat and Barros, . ;
. . ) . " each ray between the predefined heights of 2- and 4-km
2007a, b) is used to derive surface rain rate intensities fro

TRMM reflectivity measurements and microphysical imp”_nlhereafter Avg 2 to 4km) and for the entire atmospheric
. . column from top to bottom of the rainshaft (hereafter Avg
cations are discussed.

Column). More details on the TRMM PR 2A25 algorithm
itself can be found in Iguchi et al. (2000) and Meneghini et

2 Input datasets al. (2000).

2.1 The Great Smoky Mountain National Park

(GSMNP) rain gauge network 3 Observations of the mountainous precipitation with

the GSMNP rain gauge network

The GSMNP rain gauge network includes 33 rain gauges de-
ployed at mid to high elevations (from 1150 m to 1920 m) Figure 2 displays the daily average rain rate recorded at
along exposed ridges (Fig. 1). The network is deployed inthe 20 locations in this study. Daily rain accumulations
the Western part of the state of North Carolina (USA) in the are computed over rainy and non-rainy days indistinctly and
Southern Appalachians in areas where no previous rainfallays when the rain gauges were not in use due to oper-
observations were ever made, and complement existing obational problems were removed from the records. Except
servations available at low elevations. In this work, we focusfor two rain gauges (RG111 and RGO006), the differences
on the data collected by a group of 20 rain gauges installedn terms of operational duration for all rain gauges of both
in the summer 2007 (RGOXX: Fig. 1) and summer 2008 rain gauge network (RGOXX-RG1XX) were within 10%. An
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Fig. 2. (a)Average rain accumulation (mm/day) for the rain gauges Hour (EST) Hour (EST)

deployed in the GSMNP. Average rain accumulation as a func-
tion of: (b) Elevation. (c) Geolocation of each rain gauge. The Fig. 3. Three-hourly diurnal cycle as a function of the meteorolog-
size of the symbols represents the average daily rain accumulatioital season of the year and the rain gauge network location (Pigeon
(mm/day). River basin and Cataloochee Dividén) spring (Mar—Apr—May),

(b) summer (Jun—Jul-Aug)c) Fall (Sep—Oct—Nov),(d) winter

. ) (Dec-Jan-Feb).
average of 3.2mm/day is recorded for the 20 rain gauges

with a maximum of 4.48 mm/day (RG110) and a minimum i )

of 1.44mm/day (RG104) (Fig. 2a). Considering that all fqnctlon of the season of the year: spring (Mar-Apr-May:
rain gauges used in this study (RGOXX-RG1XX) are lo- F|g..3a.), summer (Jyn—JuI—Aug: Fig. 3?),'Fall (Sep—Oct.—
cated within a 20km radius (Fig. 1), note the variation up NOV: Fig. 3c), and winter (Dec—Jan-Feb: Fig. 3d). There is
to 300% in daily accumulations. This spatial-difference is a relatively good agreement for the diurnal cycle for the two

more dramatic due to the fact that this 3-fold increase isMan areas of rain gauge deployment (Pigeon River bassin
observed within the six rain gauges located along the Catf’md Cataloochee divide). Between seasons, the most notice-

aloochee divide ridge (RG100-101-102-103-104-110) whichable difference is observed for the summertime diurnal cy-

are separated by less than 8km. Comparatively, this differ€: With about 40% for the frequency of rain events occur-
ence is only in the order of 60% for the seven rain gauged'd IN afternoon/late afternoon (1500-2100EST) (Fig. 3b).
]’he diurnal cycles for spring (Fig. 3a) and fall (Fig. 3c) are

RGOXX also separated by a comparable distance of 8km bu : )
on the inner (second) ridge with regard to the eastern slope&0"€ homogenous throughout the day with less than 20% of

of the Appalachians (Fig. 1). Rain gauge RG111 was outa” gvents taking pIaqe in any three-_hourly peripd. During
of use and is not included in this comparison, but it was op-Sp”ng’ two small maxima are found in the morning (around

erational during the passage of tropical storm Fay described200EST) and late afternoon/early evening (1800-2100EST)

in the next section. Regardless of RG104 (significant lower(Fi9: 3@). Fall is the season for which the higher variabil-

daily average rain rate) and RG111 (shorter deployment dully IS observed between the two ridges (Fig. 3c). In ad-
ration), the data in Fig. 2b suggest orographic enhancemerffition, a clear transition from a summer regime with pre-
with elevation, which is however modulated by 3-D land- dominant late afternoon thun'ders'torm orographic gctlwty tq
form effects. A more consistent pattern is observed wherf MOré homogenous fall regime is apparent only in the Pi-
accumulation is displayed as a function of the spatial loca-9€°n River basin rain gauge network (RGOXX). Finally, fall
tion (Fig. 2c) with shows increasing accumulation not only records_ should be analyzeq with cgutlon due to the possible
with elevation but also with latitude, specifically latitude in- SPoradic presence of snow in the rain gauge funnel. The same
crements in the NE direction consistent with the propagationcomrnent applies forl the quter diurnal cycle that displays a
of SWesterly events perpendicularly to the alignment of theP€!l Shaped curve with maximum located around 1200EST,
mountain ridges (Fig. 1). Whe_n insolation is maximum (Fig. 3d), thus suggesting that
Figure 3 displays the three-hourly diurnal cycle for each melting of snow in the funnel may be taking place.
network: Pigeon River Basin (RGOXX), Cataloochee Di-
vide (RG1XX), and the average for all rain gauges as a
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Table 1. Contingency table for TRMM 2A25 surface rain rate and cgntered on the time of TR_MM overpass, and no significant
10-min rain gauge rain rates. The 10-min time scale is centered oveflifferences were observed in the performance parameters re-

the time the satellite overpasses. ported in Table 2. Rather than a temporal window effect,
results display noticeable differences depending on which
All rain gauges (0XX and 1XX) ridge the rain gauges are installed with better overall perfor-
= mance for the network RG1XX (inner ridge) than RGOXX
Py (outer ridge) (Table 2). Figure 4 displays the comparison of
» Yes  No Tot. TRMM PR 2A25 retrieved rain rates against averaged gauge
% Yes 271 180 451 rates. For all records (Fig. 4a: TRMM PR 2A25 and/or RG
S No 448 12967 13415 records non-null) the slope is less than unity for both the near
£ Tot. 719 13147 13866 surface rain rate (0.73) and the estimated surface rain rate
(0.82). Despite a larger number of null TRMM records/non
null RG records (448) when compared to non-null TRMM
records/null RG records (180), this result is influenced by
4 Multisensor intercomparison: ground based the higher rain rate average (RR=1.7 mm/h) in the case non-
measurements versus remotely sensed rain rate null TRMM records/null RG records than for null TRMM
estimates records/non null RG records (RR=1.1 mm/h). Considering
simultaneously non-null TRMM/RG records (Fig. 4b); a
4.1 RG/TRMM PR 2A25 difference statistics higher slope is obtained with 1.06 and 1.19 for the near sur-

face and the estimated surface rain rate respectively. For si-
For the period of study (06/01/08 to 05/15/09), there was onmultaneously non-null TRMM/RG records, the bias between
average one TRMM overpass per day. The area where theRMM PR 2A25 rain rate estimates and surface rain rates
20 rain gauges used in this study are installed correspondsieasured by the rain gauges measured rain rates is computed
approximately to a radius of 20km centered over RG108according to:
(Fig. 1). From this total of 356 TRMM overpasses, about N N
36% (131) overpasses registered concurrent rain at one (Qt.
several) of the 20 rain gauge locations and for the TRMM PROé'as(%) = Z(RRTRMM - RRRG)/ZRRRG @
2A25 retrieved surface rain rate. For about 13% (45) over- =t =1
passes, rainfall was recorded at the gauges but the TRMM In order to account for eventual errors introduced in the
PR 2A25 retrieved rain rate is null. The opposite was foundestimation of the surface rain rate from rain gauge records
for only 3% (10) overpasses, with TRMM PR 2A25 surface (Wang et al., 2008), the sensitivity to the rain gauge time av-
rain rate non-null but no rainfall detected by the rain gaugeseraging was examined against various TRMM PR 2A25 rain
Finally, about 8% (28) overpasses had rain simultaneouslyate estimates: i.e. near surface rain rate, estimated surface
measured at the ground (at one or several rain gauge locaain rate, averaged rain rate between the predefined heights
tions) and retrieved by TRMM PR 2A25 (at one or several of 2- and 4-km, and averaged rain rate for the whole atmo-
corresponding rain gauge locations). Table 1 summarizes thepheric column (Fig. 4c). Results display different bias for
contingency table for the period of study. The number of raindifferent TRMM PR products: near surface rain rate (Near-
events detected simultaneously by the rain gauge and TRMMurfRR), estimated surface rain rate (EstSurfRR), 2—4 km av-
PR is lower (271) than the number of events observed by theraged rain rate (Avg 2 to 4km) and column averaged rain
rain gauge and not detected by the PR (448), but higher thamate (Avg Column), all biases being negative. Regardless of
the number of events observed by the PR and not recorded bjhe TRMM PR product, we note that the bias presents a min-
the corresponding rain gauge (180). Although the definitionimum for a 7 min averaging period and is relatively stable
of rain event from a TRMM PR perspective is straightfor- for 10- and 60-min rain rates. A 10-min rain rate (centered
ward (i.e. non-null value retrieved for the rain intensities Est- over the time of overpass) provides a good compromise be-
SurfRR and NearSurfRR), from a rain gauge point of view tween TRMM and rain gauge representativeness. Further-
two conditions are imposed. First at least two tips have tomore, a 10-min rain rate allows explicit consideration of the
be recorded within one hour centered at the time the sateltwo different tip volumes of the rain gauges corresponding
lite overpass to qualify as a rain event. This corresponds to avith 0.1 mm and 0.2 mm for networks RG1XX and RGOXX
minimum cumulative rain amount of 0.4 mm (for the Pigeon respectively. Longer time-scales for rain rate computations
River Bassin network using rain gauge TB3: RGOXX) or (above 4-min) tend to reduce error estimates especially for
0.2 mm (for the Cataloochee divide network using rain gaugdow rain rates (Wang et al. 2008). Note that the selection of
TB3-0.1mm: RG1XX). This allows accounting for light a 10-min rain rate is not necessarily reflected by the overall
rainfall events (i.e. 0.2mm/h and 0.4 mm/h), while remov- performance of the rain gauge network (Table 2) mainly due
ing the presence of accidental tips. A sensitivity study wasto the high number of concurrent null TRMM/RG records
performed on a range of time-windows (from 6 min to 1 h) (Table 1). As TRMM/RG timing issues have been ruled out
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Table 2. TRMM 2A25/RG performance comparison as a function of the time scale (7-, 10-, 20-, 30-min). Definition of performance

parameters is reported below.

Time window (min)
7min 10min 20min 30min Perfect
All - OXX 1IXX Al 0OXX 1XX Al 0OXX 1XX Al 0OXX 1XX  Score

Accuracy 096 095 0.96 0.95 0.95 096 095 095 0.95 095 0.95 0095 1

FB? 065 074 059 063 072 057 058 067 053 053 062 048 1
POD? 038 038 038 038 039 037 037 038 036 035 037 034 1
FAR? 041 048 036 040 046 035 037 044 031 034 040 0.30 0
POFD? 0.01 002 001 001 0.02 0.01 001 0.02 001 001 001 o0.01 0
TSP 030 028 031 030 029 031 030 029 031 030 0.30 0.29 1

1 Accuracyz[YY+NN]/TotaI2 Frequency BiastB:[YY+YN]/[YY+NY]3 Probability of detection=POD=YY/[YY+YN]
4 False alarm ratio=FAR=NY/[YY+NYP Probability of False Detection=POFD=NY/[NN+N¥|Threat Score=TS=YY/[YY+NY+YN]

a) b) period of study 06/01/08—05/15/09 (Prat and Barros, 2009a),
1 wro 10min AVG NearSurfRain T 10min AVG NearSuriRain this could be explained by the presence of snow or delayed
1o | SREIomnAVG EsSutian R e o snow melting events that would be alternatively detected by
. aa on y = 0.82x _ 157 am =1.06x
E e R?- 003 g Lo one sensor or the other. We also note a large total number
£ £ of hits-misses during spring (Mar—Apr—May) and summer
§ § (July). One possible explanation could be the occurrence of
5 51 localized isolated shallow convective events either measured
by the rain gauge or retrieved by TRMM but not by both
s A s 1 15 2 and, or the presence of fog/low level clouds frequent in this
: TRMM 225 RR (mm/h) O TRMM 225 RR (mm/h) area of the GSMNP during spring/summertime. No particu-
TR 2A25 NearSurfRR ve. RG Lo lar trends were found for the repartition of hits-misses as a
o~ TRMM 2425 ESISUMRR vs. RG 12 | TNRG () TREM (Y function of the hour of the day, but due to the 1-year dura-
Balivissvrsnmitgid % 100 tion of the study, the sampling may be inadequate to generate
0o % g0 strong statistics. However the 3-hourly repartition of hits-
2 80
027 o 607 misses for winter (RG-Yes/TRMM-No) indicates that about
P gﬂEi £ 40 50% occurred during the afternoon and tends to confirm the
@ 061 Z 204 hypothesis of snowmelt events (a camera located near RG100
; i %9___9/97
08 0 Lo reported the presence of snow for those days and a clear sky).
PP P PR EP LS DS P .- . .
B w0 m 4 o e SO IS Similarly the 3-hourly repartition of hits-misses for summer
Rain Rate Avg Window (min) Months (- (RG-No/TRMM-Yes) with about 50% of TRMM records oc-

curring in the afternoon seems to suggest the presence of lo-
Fig. 4. Scatterplots for the comparison TRMM 2A25 surface rain calized shallow convective events within the PR pixel but not
rate and averaged rain gauge rain rates for the period 06/01/08detected by the rain gauges. The use of ground based radar
05/15/09: (a) For all TRMM 2A25 surface rain rates and rain products could help verifying the existence of clear atmo-
gauges recordgp) For non null TRMM 2A25 surface rain rates  gphere conditions, and if the mismatch is due to a limited
and rai_n gauges records. Rain gauges rain r_ates are avera_ged USiﬂ%n gauge network performance or TRMM PR sensitivity.
:eln()s}?\;ﬂys;zlztf:ﬁ:é?if:;t tt:: ;'_gfﬂ}\:ezi‘;tg Ir;?nogfgglﬁ?ﬁﬁsram However this task might be delicate due the fact that the cov-

erage of the closest radar (NEXRAD: KRMX and KGSP)

gauge rain rate scaléd) Repartition of the number of hits/misses | ; i
as a function of the month of the year. is strongly affected by mountain blocking (Prat and Barros,
2009a).

Finally, for simultaneously non-null records, the bias for
by considering an 1 h time frame centered at the time of over-TRMM/RG is about—27% for the TRMM 2A25 near sur-
pass, a closer look of the annual repartition of TRMM-RG face rain rate and-35% for the estimated surface rain rate.
hits and misses provides two possible explanations (Fig. 4d)Please note that the bias is computed for all TRMM/RG con-
First we observe a large proportion of hits-misses for Fall-current rain records over the entire period of study. For iso-
winter (Nov—Dec—Jan) with nearly only RG hits (i.e. TRMM lated events, such as tropical storm Fay that will be discussed
misses). With snowfall detected as early of October for thenext, the value of the bias can be dramatically different and
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b) while 109 mm ¢ = 23.9mm) were recorded in the Cat-
aloochee Divide (RG100 to RG112) (Fig. 5a). Three TRMM
satellite overpasses (61409, 61424, 61439) are available for
Fay (Fig. 5b). While the first (08/25/08: 61409) and the
third (08/27/08: 61439) correspond to no-rain conditions,
3550 58 159 the second overpass (08/26/08: 61424) coincides with the
3540 4 11% maximum intensity of the tropical storm (Fig. 5b). TRMM
w30 214 &8s | _ | PR 2A25 surface rain rates (Fig. 5¢) and 10-min rain rates
-8320 -8310 -83.00 -8290 -8280 238 29 240 241 (Fig. 5d) show the same spatial pattern with maximum rain
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¢) Longitude (deg) 4 Julian day 2008 (time UTC) intensity and shorter duration for rain gauges located along
TRMM PR 2A25 NearSurf Rain Rate (nmih) ~ RG 10min Averaged Rain Rate (mmih) the Chattahoochee Divide ridge (RG100-112), and relatively
35.80 3580 i i I i 1 -
261Q G_SZQ) lower instantaneous intensity and higher duration for the Pi
535704 723 387 535701 1335 9.40 geon River basin rain gauges (RG001-007). Note the con-
€ 5601 200~ 5 5500 | 708 ~216 trqst with the spatial pattern of cumulative rainfall for Fay
2 9%, ) 2 X O (Fig. 5a). In term of TRMM/RG differences, the TRMM
© 4 1. - - 3550 4 » . .
o O o2 R LR 77 PR 2A25 rain rates are systematically lower than those mea-
3540 1 0 022 3540 1 6.07 (9) 8.00 sured locally by the rain gauges with a bias of abeG8%
3530 — 3530 N and—64% for the near surface and the estimated surface rain
-83.20 -83.10 -83.00 -82.90 -82.80 -83.20 -83.10 -83.00 -82.90 -82.80 rates respectively (Fig 5d)
) Longitude (deg) Longitude (deg) ' :
¢
25 T Rain Rate TRUM PR 225 NearSufRR 4.3 Classification of TRMM vertical profiles
20 Rain Rate TRMM PR 2A25 EstSurfRR

M Rain Rate RG 10 min Average

Previous results have pointed out the differences between
TRMM estimates and rain gauge measurements either on a
long term basis or for more isolated events. In order to under-
stand TRMM/RG differences, TRMM reflectivity and rain-
fall profiles for the whole year worth of observations were
classified into five categories with respect to the TRMM/RG
Fig. 5. (a) Total precipitation recorded by the 20 rain gauges (0XX gifference (Table 3) corresponding to different domains in
and 1XX) of the GSMNP during the passage of tropical storm Faythe RGRR/TRMM.RR space (Fig. 6a). Regardless of the
;rr?]rguln? :gfor;:;”ofr/] fjsé 8r8ré2 102n:gi?]UTr(Fi&ﬁfﬁg@;&g‘(‘l"’_‘tgi‘ogyalue of the difference (Table 3), conditions when rain was si-
2: 61424 3 61439).(c) TRpMM 22\25 instantan%ous nea{r sur- 'multaneously observed by thg satellite and rain gauges (cases
I, 11, 111), correspond to approximately 30% of all cases (899),

face rain intensity (2: 61424)(d) Rain gauges 10-min rain rate ; 0 .
corresponding to TRMM overpass (2: 61424¢) Comparison of while about 20% report rain for TRMM only (case IV) and

TRMM 2A25 surface rain rates and 10-min rain gauge rain rate forabout 50% report rain for rain gauges only (case V). TRMM
TRMM overpass (2: 61424). profiles of corrected reflectivity for cases I+lI+11l display

the same characteristics with comparable average reflectiv-
ity (Zcorr ~25-30dBz) and standard deviatiosy§orr ~4—
does not permit to draw substantial conclusions with regardd dBz) at the lowest elevation just above the ground clutter
to the performance of near surface/estimated surface raiflag (not shown). The average reflectivity increases with in-
rates respectively. creasing height with maximum frequency (counts) between
2—-4km (not show).
4.2 Comparison for a selected event: the case of tropical Differences observed between TRMM PR retrieved and
storm Fay (August 2008) rain gauge measured rain-rate for cases I, Il, and Ill, can
be explained by the difference of spatial resolution between
Figure 5 shows tropical storm Fay which crossed the area oTRMM PR estimates (0.0450.04%) and rain gauge point
the GSMNP in late August 2008. From 08/25/08 12:00 UTC measurements. Indeed, depending on the TRMM overpass,
to 08/28/08 12:00UTC, the 20 rain gauges deployed inthe representative area of one TRMM scan (0°045045)
the GSMNP recorded a total rainfall varying from 58mm encompasses one or several rain gauges due to the fact
(RG104) to 144 mm (RG107) for the Cataloochee Divide (in- that some rain gauges are separated by a distance smaller
ner ridge) RG network (RG100 to RG112) and from 157 mmthan 4.5km (RG002/005/006; RG002/007; RG004/006;
(RG0O07) to 214 mm (RGO004) for the Pigeon River (outer RG005/006; RG100/101/102/104; RG103/110; RG111/112)
ridge) RG network (RG001 to RG007) (Fig. 5a). The max- (Fig. 1). When one TRMM scan corresponds to several rain
imum accumulation was recorded in the Pigeon River basirgauge measurements, TRMM rain-rate estimates do not re-
(RGO01 to RG007) with an average of 181 mim<18 mm),  flect the observed spatial variability of rainfall ranging from
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Table 3. Classification of TRMM 2A25 reflectivity profiles as a function of the difference {Rfigv—RRRGI/RRRG (%0).

Diff=[RRTrMM—RRRGI/RRRG (%)

Class
e=0.25 e=0.50 e=0.75

l:  Abs(Diff) <e 43 95 158

Il: Diff < —¢ 108 76 28

lla: Diff < —e and RRyg >7 mm/h 35 31 20

lll: Diff > ¢ 120 100 85

Illa: Diff > ¢ and RRrrmm >7 mm/h 7 7 5

IV: RRrg=0 and RRgrmm #0 180 180 180

V:  RRgg #0 and RRrmm =0 448 448 448

I+I1+111 [Table 1: YY] 271 271 271

I+1I+II+IV+V [Table 1: YY+YN+NY] 899 899 899
15% (RG002/003) and up to 200% (RG100/101/102/104)) b) =m
for daily rates (Fig. 2a). If for the whole period of study ” 70
(06/01/08-05/15/09), we note the relatively low number of & &y« iii g o
events classified as convective (only 1% (3) of all the records = 2 om ]
(271) for cases I+1+111), this fraction of convective events for £ aom %‘
cases IV (i.e. TRMM only) is 7% (12) of the total (180) and v B jgi v
tends to confirm the notion of isolated small-scale convec- 0 R ‘
tive events in between rain gauges. For the remaining 93% RV —— * s oot
of events detected by TRMM only (178), these could corre-
spond to dense fog that cannot be detected by the rain gauge®) «m 4 s
isolated showers that fall in-between rain gauges or TRMM 7o oo 4
PR false alarms; the latter are very high for low rainfall rate & - ] g o
(Barros and Tao, 2008). For cases when only rain gauges % a0m ] @ 4o ]
report rain (case V), the rain flag for TRMM profiles corre- :%’ 3000 j amn |
sponds unambiguously to no-rain (clear atmosphere) condi- o
tion for 70% and "others” for 28% of the cases (448). The re- 0 H‘” L ‘ 0 H,la R ;
maining 2% TRMM profiles are classified as stratiform with oy e b mzeen O coms
low reflectivity factor (Zcorr~ 20 dBz) between the heights
of 3-5km ASL (Fig. 6b). Fig. 6. TRMM 2A25 reflectivity profiles. (a) TRMM profiles

As mentioned above, no significant differences in TRMM classification into five categories (I-1I-11I-1V-V) and 2 subcategories

profile characteristics were found for categories I-1I-Ill. (lla-llla). Selected TRMM profiles(b) V (448). (c) lla (31). (d)

However, the two subcategories lla (Fig. 6¢) and llla !lla (7).

(Fig. 6d) show substantial differences for rain rates above

and below 7mm/h. Reflectivity profiles corresponding to

case llla display a sharp increase in reflectivity up to (Zcorrranges over a wider range (1- to 40-mm/h) than that regis-
~40 dBz) around 3km ASL (Fig. 6d). Figure 7a displays the tered by the rain gauges (Fig. 4e), and yet comparable av-
cross sections for tropical storm Fay for a domain encom-€rage rain rates were recorded among rain gauges stations
passing the area of the rain gauge network. The TRMM overduring the passage of Fay thus suggesting high rainfall rates
pass at about 21:26 UTC on 08/26/08 corresponds approxiwere spatially generalized.

mately to the passage of the tropical storm over the GSMNP For the event that occurred in the late morning on the
rain gauge network (see E-W cross sections for Z and rain©5/06/09 (case llla), cross sections for reflectivity (Fig.7b)
rate: Fig. 7a). Cross-sections for reflectivity present a rathedisplay a less uniform pattern than for tropical storm Fay
uniform profile consistent with large-scale systems and with(Fig. 7a) and a higher vertical extend from 2—4.5-km. The
maximum reflectivity located between 2—3.5km ASL. Maxi- event covers a wide area along the E-W direction while
mum reflectivity (235 dBz) is found in the longitudinal di- more scattered along the S—N direction. With an opera-
rection, while peak reflectivity decreases<(35 dB-z) with  tional threshold of 10 mm/h to distinguish stratiform from
latitude (Fig. 7a) as the storm propagates over the mouneonvective events, rain-rate profiles show several convec-
tains. Along the E-W direction, the TRMM PR rain intensity tive cells embedded within a region of moderate rainfall

www.adv-geosci.net/25/143/2010/ Adv. Geosci., 25, 148-2010

149



150 O. P. Prat and A. P. Barros: Assessing satellite-based precipitation estimates in the Southern Appalachian mountains

. w

IIa =

@

1 B

%

0 2

1 a

— I
a

— e W — —

a) g b) 50
u TRMM
z mRG

o
=
1)
3

IS
8
—
=
=
]
3
H
H
«
3

I u TRMM
mRG

& W

3

Allibage ASL (km)
u e
Abtude ASL (em)
AEb S
Counts ()
P
]

a

PR PR P P P ) P P P P P 10 10 20
Longitude (dag W) Longitude {geg W) 0 0 0

_ 2 4% .-\.“ I ddez) 01-1 1-2 25 57 7-10 >10 011 12 25 57 7-10 >10 01-1 1-2 25 57 7-10 >10
£ s B ' . 2 Rain-ate (mm/h) Rain-rate (mm/h) Rain-rate (mm/h)
. % ]
R ! 5 2 X "J ] d) 30 €) 10
E] i —————— Fo= = B — & IIa u TRMM s | Ila = TRMM

[ P P P P T P A P We We #o ®z @4 ®e ®s ®e wi ~ aRG ~ aRG ~

Latiude (dog My Latituds (deg N 5 207 Y 6 w

g £ ¢ Ila _*x f S 10 I I 8
5 = - . 2
2, g, = —g o | | I ol o
E 7. g 3| M __ﬁ‘/_/\__: bt 011 12 25 57 7-10 >10 011 1-2 25 57 7-10 >10 011 1-2 25 57 7-10 >10
= 1 < . -— = Rain-rate (mm/h) Rain-rate (mm/h) Rain-rate (mm/h)

B8 B35 B34 032 P30 E28 36 24 B2 B3E  BEE BR4 B2 REO K23 RZE K24 R22

Longitude (deg W) Longitude (sag W)

] AR i o i (it
£ — mE i . E [ H Fig. 8. TRMM-RG records repartition as a function of rain-rate and
] . : - @ . e . .
. x % m =G i m m . B following to the TRMM-RG classification into five categorigg) |
2 2 5 2 - - i
E e —— = = e —— |-

8 M W0 Wz Wi WE We W0 ®2 We wWe Wo W2 w4 @5 ®s mo #2 (95) (b) Il (76) (C) I (100) (d) lla (31) (e) Ila (7) (f) v (180)

Latiude (dog M) Latitude (deg M) and V (448)

Fig. 7. Cross section of reflectivity (Z) and rain rate estimates (RR)
from TRMM 2A25: (a) At approximately 21:26 UTC on 08/26/08 . by the rain gauges, but not simultaneously (Classes IV-

(tropical storm Fay) and corresponding to the situation (k9. At . . . N
approximately 13:21 UTC on 05/06/09 and corresponding to the sit-V)’ the larger PDF differences are in the low to intermedi

uation llla. Horizontal bars indicate the approximate location of the ate rain-rate reglme_ (RS mm/h, Fig. 80' In addltlon_to
GSMNP rain gauge network (RGOXX-RG1XX). The star indicates known challenges with regard to the retrieval of light rainfall

the approximate location of RG100-101-102-104-109. Locations ofSUch as PR low sensitivity and rain gauge performa_nce forin-
the cross sections are reported in Fig. 1. stance, we note that other aspects mentioned earlier can also

explain those differences such as localized convective events,
presence of summertime fog/low level clouds, snowfall, and
(RR<5mm/h). The regions of more intense convective wintertime delayed snow melting events detected by one or
activity (RR = 20-30 mm/h) were observed outside the ge-the other TRMM/RG.
ographical domain of the rain gauge network, but a con-
vective core of lower intensity (symbol * in Fig. 7b) was
found in the vicinity of five rain gauges installed along the 5 Surface rain rate estimation using a 1-D
Cataloochee divide (RG100-101-102-104-109: Fig. 1). The  microphysical model (Prat and Barros, 20074, b)
TRMM retrieved rain rates were of moderate to high inten-
sity (RR>7 mm/h) while the corresponding rain gauges re- Next, we ask the question of what would be the family of
ported significantly lower rain-rates (R mm/h) for the  appropriate Z-R relationships to improve the overall perfor-
same period. It is interesting to note that even if classi-mance of TRMM PR products in the region of study. For this
fied as stratiform, TRMM PR reflectivity profiles and rain purpose, we rely on a microphysical model to derive surface
rate cross-sections suggest the presence of shallow converain rate intensities from TRMM PR 2A25 corrected reflec-
tion embedded within a larger stratiform rain domain (Fig. 6d tivity. The microphysical model used here (Prat and Barros,
and Fig. 7b). Another way to consider TRMM PR/RG com- 2007a, b) uses a spectral bin decomposition with explicit rep-
parison is to focus on the TRMM-RG rain-rate probabil- resentation of drop coalescence and breakup processes, and
ity density functions (PDF) for the five categories (I-lI-Ill- it was previously used for the estimation of surface rain rates
IV-V) previously defined (Fig. 8). For cases I-lI-Ill (rain using vertically pointing radar data (Prat et al., 2008; Prat
simultaneously retrieved by TRMM and measured by theand Barros, 2009a) or TRMM PR 2A25 data (Prat and Bar-
rain gauges), comparable PDFs are obtained for TRMM andos, 2009b). The same methodology to derive surface rain
rain gauge rain-rates (Fig. 8a), while differences are pro-ates using TRMM PR 2A25 corrected reflectivity (Zcorr) as
nounced for low (RR.1 mm/h) and high (RR7 mm/h) rain-  top boundary condition for the model is adopted here. The
rates (Fig. 8b) for case Il, and for low (RRRmm/h) and strategy is as follows: (1) — only TRMM records with non-
intermediate rain rates (2 mm#RR<5 mm/h) (Fig. 8c) for  null surface rain rates are selected; (2) — the corresponding
case lll. As expected, most important differences are foundcorrected reflectivity (Zcorr) is extracted at 500 m below the
for cases lla (Fig. 8d) and llla (Fig. 8e) with severe rain-rate0°C isotherm to avoid the presence of ice phase; (3) — the
underestimation by TRMM PR in the case of tropical storm reflectivity is converted into an exponential drop size distri-
Fay (Fig. 8d) or the difficulty for the rain gauges to fully bution (DSD) to specify the top boundary condition:
capture convective cores embedded within stratiform events
(Fig. 8e). Finally, when rain is either retrieved by TRMM N(D)= Ngoexp(—AD) (2)
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and well outside of the range (0.05 tfh<Ng <0.12 cnT%)

a) 1 b) 2
| e R ~&~ Model BC : Exponenial DSD used in TRMM PR 2A25 algorithm (Fig. 9b). When light
x MokiwRo:<dman  } i N rainfall (RR<1mm/h) is considered separately, TRMM PR
S TR o i 16 ] rain-rates exhibit a negative bias (Bias-9.60: Eq. 1) that
g0 3 = n M‘;{fl%ﬁ would vanish for a higher value of]\Ng ~0.6 cnT#) and
— gt ' outside the range (0.05 cth <Ng <0.12 cnT#) mentioned
T = ?::: o P 12 | No042 No=0.05 above. This numerical result is consistent with observations
N - = s . o that report an underestimation of light rainfall in mountain-
poot oo o4 i o 200 40 o s ousregions due tothe PR low sensitivity (Barros et al., 2000,
Na (o) ° Lang and Barros, 2002). The Gamma DSD with a fixed ex-

_ _ _ ponent {« = 3: Iguchi et al., 2000) used in the TRMM PR
Fig. 9. Model/TRMM/RG comparison(a) Bias between modeled  540rithm implies a DSD depleted of small drops as com-
and 10-min rain gauge rain intensity as a function @f fdr the pared with the exponential DS & 0: Eq. 2), which might

period 06/01/08-05/15/09 and for tropical storm Fay on 08/26/08. . .
For the period 06/01/08—05/15/09, TRMM near surface rain-ratese)(pl""In TRMM/RG differences observed as suggested by the

are divided into subcategories (RR mm/h and RR:1 mm/h).(b) TRMM/MOqu comparison. o )
Coefficients ¢”,b") of the Z-R relationships retrieved from TRMM ~ For tropical storm Fay (08/26/08), a minimum bias
2A25 (at point D: see Iguchi et al. 2000 for definition) for the period Model/RG is found for N~1.0 cnT# which is more than
06/01/08-05/15/09 and tropical storm Fay, and for the exponentiallO-fold the default value j= 0.08 cnT* (Fig. 9a). Indeed
DSDs used as boundary condition in the 1-D microphysical model.this indicates that in order to achieve a better agreement be-
tween TRMM surface rain rates (near surface or estimated)
and rain gauge point measurements, an increase of one or-
With N(D) and Ny are in [cnT#] and the slopeA is in  der of magnitude in the number of small drops is apparently
[cm~!]. Sensitivity analysis was performed using various needed regardless of the value of the measured reflectivity.
values for the constantg\tanging from 0.008- to 0.8-cnf,  These simulation results are in good agreement with DSD
along with the original Marshall-Palmer (1948: MP48) value observations that report a high concentration of small and/or
of No=0.08cnT“. Regardless the value of the reflectivity midsize drops in the case of tropical storms (Tokay et al.,
factor (Zcorr), the fraction of small drops increases with in- 2008). In addition, Tokay et al. (2008) found that larger
creasing value of bl Finally, the DSD is used as a boundary drops rarely exceeded 4 mm which is consistent with higher
condition for the microphysical model. values of N as obtained here in the case of tropical storm
Simulations with the 1-D-model are conducted for 15min Fay (N ~0.7 cnt®) (Fig. 9a). Furthermore, Ulbrich and
and the dynamic height of the vertical column is deter- Lee (2002) reported similar DSD observations during tropi-
mined based on the location of the freezing levelQPre- cal storm Helene in 2000. Substantial differences were found
trieved from TRMM 2A25 at each time step. For all sim- between pre-storm conditions and during the passage of the
ulations, the time step iar =1s with aAz=10m verti-  tropical storm with a narrower DSD observed during the pas-
cal resolution (Prat and Barros, 2009b). An intercompar-sage of the tropical storm (Ulbrich and Lee, 2002). From a
ison of Model/TRMM/RG rain rates for the complete pe- microphysical perspective, the implication is that, the higher
riod of study (06/01/08—-05/15/09) and for a single overpassconcentration of small drops will lead to enhanced drop coa-
corresponding to tropical storm Fay (08/26/08) shows thatlescence which was found to be the dominant mechanism by
computed biases between TRMM 2A25 rain rates (near surPrat and Barros, 2009a for rain rates 82 mm/h, the most
face rain rate and estimated surface rain rate) corresponftequent case in the data studied here (Fig. 8). Furthermore,
to an exponential DSD with coefficientoNranging from  numerical results obtained for tropical storm Fay confirm that
the classical MP48 value ofd¥0.08 cnT* up to 0.12 crm® DSD models used for tropical storms overestimate the num-
(Fig. 9a). This result is consistent with the values of coef-ber of large drops (Maeso et al., 2005). Finally, this exercise
ficients @”,b" : Z =a" R®") used to derive rain-rates from further confirms the benefit of using a microphysical model
corrected reflectivities in the TRMM PR 2A25 algorithm in order to derive surface rain rate explicitly from reflectivity
at level D corresponding to the level where hydrometeorsmeasurements (Prat et al., 2008; Prat and Barros, 2009a, b).
are supposed to be fully melted (see Iguchi et al., 2000
for definition) (Fig. 9b). A comparison of model surface
rain rates against rain gauge rates indicates that bias in6 Summary and conclusions
creases with increasingoNi.e. with increasing population
of small drops). Furthermore, for the entire period of study In this work we presented precipitation observations obtained
06/01/08-05/15/09 taken as a whole, the optimal value ofwith a newly deployed rain gauge network in the southern
Np is such that the bias would vanish (Bias = 0: Eq. 1) Appalachians. A comparison of TRMM PR 2A25 estimates
for Ng ~0.22—0.25-cm* which again is much higher than was performed against 20 rain gauges for a one year pe-
MP’s Np = 0.08 cnm# (Marshall and Palmer, 1948) (Fig. 9a), riod from summer 2008 to spring 2009. In addition, results
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