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The effects of vertical air motions on radar estimates of rainfall
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Abstract. The effects of vertical drafts on radar rain rates can become highly negative early in convective cell lifecy-
from convective and stratiform clouds are studied using datacles due to the influence of strong updrafts on hydrometeor
collected over the state of Arizona, U.S. during the monsoorfall speeds. These upward precipitation mass fluxes persist
of 2003. The diurnal variability of rainfall is first studied by at upper cloud regions throughout storm maturity. Near the
analyzing the spatial distribution of the hours in which max- end of storm lifecycles, downdrafts dominate and result in
imum rainfall rates occur. The accuracy of these onset timeslownward precipitation mass fluxes reaching their maximum
and magnitude of maximum surface rain rates are showrvalues at approximately 1 km AGL.

to be dependent on the height at which they are sampled Several observation-based studies have pointed out this in-
by radar. Convective clouds are generally well sampled byfluence of convective downdrafts on rain rates derived from
radar throughout their profiles immediately following initia- Z. Austin (1987), for example, showed thAtcan be in-

tion but can result in underestimated rain rates during maturereased by a factor of two, which is a finding that is sup-
and decaying stages. Convective downdrafts and weakeningorted by Illlingworth and Blackman (1999). Despite these
updrafts lead to downward precipitation mass fluxes whichseemingly drastic impacts, traditionZl — R relations are

are not accounted for in standard reflectivity based rainfallstill found to hold in a statistical sense when considering the
estimation. At far range from radar, overestimation of strati- average over an entire cloud volume (Dotzek and Beheng,
form rainfall may occur during early stages while underesti- 2001). The study undertaken examines the spatial and tem-
mation is likely at mature and decaying stages. Correctiongoral structures of radar-estimated rain rates for both convec-
that utilize information from vertical profiles of reflectivity tive and stratiform clouds. Particular attention is provided to
may need to consider storm types and their expected stage @fie impact on quantitative precipitation estimates (QPESs) as
storm lifecycle. a function of radar sampling height (or, equivalently, range).

1 Introduction 2 Study Region and Data Methods

The evolution of vertical drafts associated with deep, moistArizona is characteristic of highly complex terrain with
convection is studied here in the context of the effects onountains and plateaus through the northern and eastern
radar-estimated rainfall rate& Dotzek and Beheng (2001) Parts of the state with contrasting deserts in thg lower ele-
addressed this issue from an analytical perspective. Theyations to the southwest (see Fig. 1). The region has two
find that the prefactor present in standar¢ — R rela- distinct precipitation pe_aks_throughout the year —one in the
tions increases when deep convective drafts are introduceUmmer and the other in winter. Summer precipitation is of-
They conclude that rain rates in convective downdrafts mayen referred to as aresult of an extension of the “North Amer-
be double than what would be expected from measuzing c&n monsoon”. A strong thermal low typically develops over
and estimating rainfall using — R equations. A follow- the southwestern part of the state in response to very strong
on study by Dotzek and Fehr (2003) employs two cloud- Surface heating. This pressure gradient results in a northward
resolving, mesoscale models to examine precipitation masHux of low-level moisture from the Gulf of California often

fluxes in the presence of convective drafts. They find fhat through the action of surges (Douglas, 1993). Aloft, the re-
gion is typically characterized as being in a low-shear envi-
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tation rates as a function of hour of day versus radar sampling
‘ height. Results are discussed for both convective and strati-
‘ form rainfall.

3 Results

3.1 Spatial Variability of Time of Maximum Rainfall

& Frags

Figures 2a and b show the distribution of the timing of maxi-
mum monsoon rainfall during the summer of 2003. A clima-
tological analysis was shown by Balling and Brazel (1987).
Qualitatively, there is agreement between their Fig. 5 and our
Fig. 2. Precipitation maxima are evident over higher peaks
as early as 16:00 UTC. As daytime heating commences, sev-
eral grid points over the higher terrain through the north and
east reach their maximum rainfall values. As time continues,
rainfall maxima appear to propagate to lower elevations. The
nocturnal maximum in the middle of the state was discussed
at length by Balling and Brazel (1987) and is represented
in this analysis. It is interesting to note the differences be-
Fig. 1. Geographical map of the investigation area with shaded retween the analyses performed for convective (Fig. 2a) and
lief and radar locations shown. stratiform rainfall (Fig. 2b). The distribution of timing of
maximum precipitation for stratiform clouds has much more
spatial continuity than with convective clouds. This result is

August can almost be a daily occurrence over the high ternot that surprising, as convection is often initiated over rather
rain, plateaus, and highlands. Occasionally, these storms pefomplex terrain in this region. Moreover, stratiform precipi-
sist as they transition down to lower elevations where there igation has often been noted to have greater spatial extents as
more abundant moisture. This down gradient propagation ofompared to isolated, convective cells. The distribution of
convective activity results in a nocturnal maximum of storm the timing of stratiform rainfall reveals a lag behind convec-
activity in low deserts, while higher elevation storms occur tive maxima at several grid points. Additional insights are
during times of maximum heating (Balling and Brazel, 1987; 9ained from these maps by analyzing their relationships with
Watson et al., 1994). radar sampling height.

During the summer of ?003, radar data from .six WSR- 5, Dependence on Radar Sampling Height
88D radars covering portions of the state of Arizona (see

Fig. 1) were supplied to an automated precipitation esti-|n the previous section, maps were produced to show the
mation algorithm (Gourley et al., 2001) and subsequentlytimes at which each grid point typically receives its max-
archived. A component of this aforementioned algorithm uti-jyym rainfall rates from convective and stratiform clouds.
lizes a convective-stratiform segregation technique discussegtpe validity of these maps is based on the assumption that
in Gourley et al. (2004). Radar-estimated rainfall and con-radars are capable of accurately measuring the magnitude
vective and stratiform cloud types are analyzed ox@kn?  and timing of surface rain rate throughout the study do-
grid covering a 544 km 528 km region and are available ev- main. Several studies (e.g. Smith, 1986; Kitchen and Jack-
ery 5min. Gridded rainfall amounts are aggregated for eactson 1993; Gourley et al., 2002) have shown that this assump-
hour during the two-month study period. Next, these QPEstion does not hold for cool season precipitation in complex
are determined to be associated with either convective Oferrain. These studies show that radar-based rain rates have a
stratiform clouds. If there has been any algorithm-identiﬁeddependence on range where overestimation from bright band
convection during the past hour at the grid point in question,contamination is common at mid-ranges and underestimation
then the rainfall is assumed to be convective. Otherwise, thgom beams overshooting the precipitation profiles occurs at
rainfall is stratiform. far-ranges. Time-height plots d@fy are produced to reveal
The data set produced above is used to determine the hotihe dependence on radar sampling heights for both convec-
of the day (in UTC) at which the maximum precipitation oc- tive and stratiform rainfall. Radar sampling height can be
curred, on average, throughout the summer. This analysis ithought of as equivalent to radar range when there are no
performed for both convective and stratiform rainfall at eachsignificant beam blockages present.
grid point. Additional analyses are performed to illuminate Figures 3a and b show the number of grid points in the do-
the relationships between the timing of maximum precipita-main that have their maximum hourly rainfall rates in each
tion with radar sampling height. Time-height plots are usedtime-height bin. These plots represent an ensemble of maxi-
to show the frequency of grid points with maximum precipi- mum rain rate profiles as a function of time. It must be noted,
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Fig. 2. Map showing the hours (UTC) in which the maximum rainfall rates occurred during July and August of 2003 from (a) convective
clouds and (b) stratiform clouds.
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Fig. 3. Time-height plot showing the number of grid points that have their maximum rainfall rates at the hours (UTC) and radar sampling
heights (m AGL) for (a) convective and (b) stratiform precipitation.

however, that the spatial variability of the timing of max- updrafts from the ensemble begin to weaken with time al-
imum rain rates is large, suggesting that storms are goindgowing hydrometeors to fall. At lower levels, the 100 con-
through various stages of their lifecycles throughout the daytour increases in altitude with time from 800 m up to a height
The evolution of these rain rate profiles bears a resemblancef approximately 1700 m at 03:00 UTC. As the convective
to the horizontally averaged rain rate profiles produced by adowndrafts reach lower altitudes they begin to decelerate due
mesoscale model in Fig. 5d in Dotzek and Fehr (2003). Theto the formation of perturbation high pressure from airflows
major difference is that the referenced figure is for a modeledjnteracting with the surface.

single-cell storm, whereas Fig. 3a applies to an ensemble of

observed convective storms throughout the summer of 2003, Stratiform precipitation differs from its convective coun-
Convective clouds are shown to begin producing maximumterpart in that it lags initiation times by approximately two
rainfall intensities between 21:00 and 22:00 UTC (Fig. 33)_hours and persists for several more hours. The slanting shape
As time continues after 00:00 UTC we begin to see the 1000f the 100 contour for stratiform rainfall indicates the ensem-

contour decrease in altitude from 4000 m. Aloft, convective Ple of hydrometeors originate from heights around 5000 m,
presumably from convective updrafts, and then slowly fall to
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lower heights with time. Stratiform clouds are not initiated convective and stratiform clouds. The lack of low-level sam-
in the same way as convective clouds, but are shown to be pling by radar throughout the study region suggests the tim-
result of convection. In this case, the weakening updrafts reing and magnitude of peak rain rates will be dependent on
sultin a downward precipitation mass flux. This evolution of radar range. Furthermore, convective downdrafts can have
updrafts with stratiform precipitation results in a distribution the effect of increasing surface-based rain rates significantly
of precipitation mass that varies with time and height. over reflectivity-based estimates, even for low-level samples.
The evolution of these rain rate profiles has implications Several attempts have been made recently to correct for the
on radar-based QPE. Immediately following convective initi- range-dependency of rain rates using vertical profile of re-
ation, there are a similar number of grid points reaching theirflectivity adjustments. This technique may yield some im-
maximum rainfall values across a large range of radar samprovement, but needs to recognize that storms in different
pling heights. This indicates that radars are capable of obregions under the radar umbrella are likely in different stages
servingRy at close to far range at this particular time (21:00 of their lifecycles. Reference profiles may need to be con-
to 23:00 UTC). It can be inferred that reflectivity values near structed for different regions that consider their typical diur-
convective initiation are approximately constant with height nal evolution, an area inviting future research.
up to 5000 m AGL. From 23:00 to 03:00 UTC the increase
in the downward precipitation mass fluxes (from weakening _
updrafts) makes the hydrometeors “less visible” to radars ap ~ ¢onclusions
far range. While radars at medium to far ranges indicate . . .
a decreasing trend d?p, in actuality the hydrometeors are Our study on the ef_fects _Of vertical motlon_s on radar esfi-
merely descending to lower heights and the tReeis actu- mates of surface rainfall in the state of Arizona concludes

ally increasing. Reflectivity data measured at low-levels (be—the following:

low 3000 m AGL) have a much better chance of capturingthe  _ the presence of updrafts and subsequent weakening
time at which rain rates maximize. However, the magnitudes with time leads to downward propagating precipitation

of these estimates will likely be underdone as the snapshots 1,44 fluxes for both convective and stratiform clouds.
of reflectivity from radar fail to include the influence of con-

vective downdrafts oRp. — During early stages of storm lifecycles, surface rainfall
Rain rates for stratiform rainfall are shown to be even from stratiform clouds will likely be overestimated at
more dependent on time and radar sampling height. Atear-  far range, whereas convective clouds have more con-
lier times between 23:00 to 00:00 UTC, radar observes high stant reflectivity profiles with height.
values ofRg at far range. In contrast to convection, the re-
flectivity at these times increases with height. This profile — At later stages in storm lifecycles, underestimation is
suggests stratiform precipitation is actually overestimated by ~ likely with convective clouds at close and far range.
radar at far range at this stage of their lifecycle. The presence  First, convective downdrafts may dramatically increase
of weak updrafts delays the arrival of hydrometeors to the rain rates over expected values from reflectivity-based
surface. As time progresses, the hydrometeors descend and Observations. Second, the precipitation profiles for both
provide for a more accurate estimate Rf from low-level stratiform and convective clouds decrease with height
samples after 03:00 UTC. At these times, the shallow nature ~ Making them less visible to radars at far range.

of the profiles of rain rates suggests is underestimated for . _ _
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enhancement caused by convective downdrafts, and horizon-
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