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Abstract

This study presents a two-year long validation of WSR-88@araefractiv-
ity retrievals, and discusses some challenges to implenteradar refractivity oper-
ationally. Temporal and spatial analysis of radar reftgtiexhibit high correlation
with Oklahoma Mesonet data; however, periods of large cafnsy differences are
observed. Several sources of refractivity differenceseasmined to determine the
cause of large refractivity differences. One source for-kigstron radars includes
magnetron frequency drift, which can introduce errors ud@oN-units if the fre-
guency drift is not corrected. Different reference maps enatdifferent times can
“shift” refractivity values. A semi-automated method faoducing reference maps is
presented, including tradeoffs for making reference maggeudifferent conditions.
Refractivity from six Mesonet stations within the cluttemdain of the Oklahoma City
WSR-88D (KTLX) are compared to radar refractivity retrisjancluding refractivity
measurements at both 2 and 9 m at the Norman Mesonet site.nahssia revealed
that the six Mesonet stations exhibited a prominent diutreadd in refractivity dif-
ference, although some differences were noted among Mestat®ns. The diurnal
range of the refractivity difference sometimes exceededrZD N-units in the warm
season, which translated to a potential dew point temperétias of several degrees
Celsius. A seasonal analysis revealed that large refigctifferences primarily oc-
curred during the warm season when refractivity is mostiseaso moisture. Ulti-
mately, the main factor in determining the magnitude of thieigtnces between the
two refractivity platforms appears to be related to theigakgradient of refractivity,

due to the difference in observation height between therr@ad a surface station.



1. Introduction

Near-surface atmospheric refractivity was first retrieusithg conventional weather radar by
Fabry et al. (1997) and Fabry (2004) on McGill University“p&nd radar. Since that innovation,
radar refractivity experiments have been conducted in tlal@ma Panhandle (Weckwerth et al.
2005; Fabry 2006; Wakimoto and Murphey 2009), northeasbi@db (Roberts et al. 2008), and
southwest and central Oklahoma (Cheong et al. 2008; Hemaseét al. 2009; Bodine et al. 2010).
Moreover, radar refractivity studies have become glolsiha United Kingdom (Nicol et al. 2008)
and France (Boudjabi and Parent du Chatelet 2008) are ctinduadar refractivity experiments
on operational magnetron radars. Many radar refractivitglies have found very high correlation
between surface observations and radar refractivity, &sdrved differences were generally small

(e.g., Fabry et al. 1997; Fabry 2004; Weckwerth et al. 2005).

One of the main goals of refractivity retrieval using weattaelar is to observe atmospheric
moisture with accuracy and resolution not attainable byahgr observational platform in exis-
tence today. Studies by Fabry et al. (1997) and Fabry (20849 bhown how refractivity can be
used to estimate low-level moisture due to its strong irgpethdence at warm temperatures. Radar
refractivity has an effective resolution of approximatélkm, and a temporal resolution of 4-10
min, depending on the radar scanning strategy and targsitgei©Coincidentally, many studies
have acknowledged that high-resolution observations af-serface moisture fields may be the
key to improving the accuracy in the prediction of convetiiatiation (e.g., Emanuel et al. 1995;
Dabberdt and Schlatter 1996; National Research CouncB)L®everal radar refractivity studies
have shown that high-resolution refractivity data couldeptially improve convection initiation

nowcasting by identifying boundaries not observed in réflegg (Weckwerth et al. 2005; Roberts



et al. 2008), and identifying areas of small-scale moistgninobserved by surface stations (Bo-
dine et al. 2010). Wakimoto and Murphey (2009) showed thatima of the total derivative of
radar refractivity O N/ Dt) tended to be collocated with cumulus development. Whidséhstud-
ies have identified possible applications for forecastargpperational evaluation of refractivity
at the Norman, Oklahoma, Weather Forecast Office (WFO) uhtbed that significant benefits
were not obtained from using radar refractivity retriev@ieinselman et al. 2009). Hence, fu-
ture research should focus on determining new applicatdmsfractivity data that provide new

information to forecasters.

Although radar refractivity generally provides good agneat with surface observations,
significant differences have been observed. Fabry (200#)ddhat radar refractivity retrievals
generally agreed well with surface observations over a@0gskriod. However, they noted that
differences may occur if meteorological conditions at tindage and the target height become sig-
nificantly different (e.g., during an inversion), resugtimm fairly large differences (5 — 10 N-units in
some cases) between the surface station and radar obsesv@i. Fig. 8 in Fabry 2004). Weck-
werth et al. (2005) found a high correlation between radfaacévity observations and surface
mesonets, profilers, soundings, aircraft observatiorgspéimer observations. Similarly, they noted
differences between surface and radar observations @ictefity, and suspected that the differ-
ence in height of clutter targets and surface observatiansed these differences in observations.
Moreover, the largest refractivity differences were foadigher relative humidities and higher

latent heat fluxes.

The purpose of this study is to investigate sources of uaicgytassociated with radar re-
fractivity retrievals. To successfully use radar refratyi quantitatively, one must first understand

the characteristics and magnitude of theoretical sourtaaaertainty. This study examines over
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two years of radar refractivity data to investigate manyhafse error sources, and determines the
seasonal variability of radar refractivity differenceshelstudy briefly reviews sources of error
presented in previous studies, and then investigatessedt@ to magnetron frequency drift, and
reference map representativeness. Errors due to magrfesigurency drift and reference map
representativeness can be significant, and have not bessugidy discussed. Then, the sam-
pling inconsistencies between radar and surface obsengiFabry 2004; Weckwerth et al. 2005)
are investigated, and a theory for these differences isqzegh This study examines data from
a Mesonet site in Norman, Oklahoma, which includes thermadyc measurements at both 2
and 9 m. These measurements provide an opportunity to lireatmpare low-level refractiv-
ity gradients to observed refractivity differences, an@tamine errors associated with sampling

inconsistencies.

Large errors in refractivity can have a major impact on giiatite studies, such as inves-
tigating the effects of assimilating radar refractivitydra numerical weather prediction (NWP)
model for predicting convection initiation (Montmerle dt 2002; Sun 2005; Gasperoni et al.
2009). These small inconsistencies in refractivity measients can produce significant errors in
the representation of moisture and temperature fields, ansegjuently, create unrealistic initial
conditions and forecasts when assimilated into a NWP mddelinstance, refractivity sampling
error of several N-units is equivalent to a surface dew gemiperature error on the order of 2€2
Refractivity errors of this magnitude can cause a substiaatior in the thermodynamic profile of
the lower troposphere, affecting the occurrence or absehcenvection initiation (Crook 1996).
While the potential utility of refractivity (and its relatnship to atmospheric moisture) can be eas-
ily understood for purposes such as operational foregaatid numerical prediction of convection,

a rigorous method of quantitatively validating radar refraty has not been presented in the liter-



ature. This study has found significant refractivity diffeces at times, which would render radar
refractivity useless for NWP model assimilation or for arlyey quantitative purpose. In response
to this finding, a number of theoretical sources of refraistidifferences and their potential impact

were analyzed and are presented here.

This paper is organized as follows. Section 2 presents awvieveof the radar refractivity
algorithm, and the experimental design. In Section 3, aeme\af error sources is presented and
some challenges to implementing radar refractivity openally are discussed. Section 4 presents
large refractivity differences between KTLX and severafate stations, and presents a theory
for the observed mismatch. These refractivity differenags compared to 2- and 9-m surface
observations of refractivity from the Oklahoma Mesonet.n€@uosions and a discussion of the

results follow in Section 5.

2. Radar refractivity experimental design

To perform the validation study, surface observations vaativity (V) were derived from
data provided by the Oklahoma Climatological Survey’s Metmetwork (Brock et al. 1995;

McPherson et al. 2007), using an equation defined by Bean attdriX(1968):

N = 77.6% +3.73 x 10°— (1)

ﬁ)
wherep, T, e are atmospheric pressure (hPa), temperature (K) and vapssyre (hPa), respec-
tively. The first and second terms of (1) are referred to asdh€ ( Vy,,) and “wet” (V) terms

of refractivity, respectively. Vapor pressure is deriveahfi the Mesonet using relative humidity

and temperature measurements. The Mesonet provides regasis of the atmosphere at 5-min



intervals, providing refractivity measurements at a samitequency to full volumetric scans of a

conventional weather radar.

The radar refractivity algorithm used for klystron-base@R¢88D radars can be summa-
rized by the following equation derived in Fabry et al. (13%hd using the convention for phase

discussed in Cheong et al. (2008):

AN = 406%% [6(r,t1) — (r, to)] = —10° [n(r, t1) — n(r, )], )

wherec is the speed of electromagnetic waves in a vacuyins the radar transmit frequency,
¢ is the echo phase; is the refractive index, an¢l andt, are the observation and reference
times, respectively. Absolute refractivity may then beedetined by summing a reference field
of refractivity, typically obtained from a smoothed field siirface refractivity observations at a
reference time, to a field of refractivity change singedefined in (2). The relation shown in (2) is
of significant meteorological importance, because it ptegia method of estimating atmospheric
refractivity using data from operational weather radarke Tefractivity algorithm used at in the
present study (Cheong et al. 2008) produces a spatial tesohf approximately 4 km, which is
similar to that presented by Weckwerth et al. (2005). Thertigm provides estimates of near-
surface atmospheric moisture at temporal and spatialsocaleh finer than that of any situ or

remote sensing capability available today.

The current study also analyzes refractivity data derivechfthe magnetron-based CASA
radar network in southwestern Oklahoma (McLaughlin et@09). The frequency of a magnetron
is dependent on temperature and is known to drift substgntiger time. If the frequency drifts
through a substantial portion of its bandwidth, it is typitmaadjust a local oscillator to bring the

intermediate frequency back to a desired value. When thesseations occur, the echo phase



is substantially altered; (2) cannot be used if a frequermyection has occurred between the
reference time and a later radar scan time. The notion ofjusireference time from prior days

therefore does not apply when deriving refractivity from agnetron-based radar.

To circumvent the effects of such a frequency correctiocafisto-scan” refractivity change
is utilized. Scan-to-scan refractivity is derived by sitioding the previous radar scan’s phase
field for the phase field from a reference time, providing afi@ refractivity change occurring
between two radar scans. If scan-to-scan refractivity webe integrated through time, a field of
refractivity change since the beginning of the integratiuld result. This integration can only
be performed through a series of radar scans in which thertréier frequency was not corrected.
The use of phase data from every radar scan introduces secteacertainty intéA N compared
to that derived by (2) using a stable transmitter frequesinGe each phase sample may contain
some error. However, the long-term effects of integratihgge containing error are limited due
to its random and zero-mean characteristics, producitig ittmulative effect over time. As with
the WSR-88D system, absolute refractivityis derived by summing the integrated scan-to-scan
refractivity to a smoothed background field of Mesonet ifuity obtained from the beginning of

the scan-to-scan integration.

Fig. 1 shows the locations of the radars used for the presémactivity experiment, which
include two WSR-88D radars, four CASA radars, and the Phadgealy Radar (PAR; Cheong
et al. 2008). Due to the operational usage of the WSR-88eBysta nearly unbroken dataset
of refractivity exists for KTLX and Frederick, Oklahoma (RR). This study focuses on KTLX
because six Mesonet stations are located within good teftgacoverage. KFDR only has three
Mesonet stations within 50 km, and only the Grandfield (GRAMN)sonet station is located in

suitable refractivity coverage for a valid comparison. Thpton, Oklahoma (TIPT) Mesonet
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station lies in a relative minima in elevation (about 370 mLA@ith higher terrain (400+ m AGL)
closer to the radar, which appears to restrict clutter cayer A small region of refractivity data
exists near the Atlus, Oklahoma (ALTU) Mesonet site, howdve refractivity data retrieved here

tend to exhibit higher variability.

An example evolution of radar refractivity using KFDR is shoin Fig. 2. Many small-
scale perturbations can be seen traversing the domain,avgtiarp refractivity gradient moving
east to west through the field between 0002 and 0045 UTC (1202245 local time [LT]) on the
evening of 12 June 2009. This boundary is evidence of a tetgedryline. Drylines are easily
seen using refractivity (e.g., Weckwerth et al. 2005) duthéosharp discontinuity in atmospheric
moisture across its interface, and the strong dependenoefrattivity on moisture at warmer
temperatures (Fabry et al. 1997). Observations of atmospmeisture related to an atmospheric
phenomena, such as a dryline, at unprecedented resoluéigrbencritical for a forecaster and a
NWP model to properly assess the state of the atmospherergardve prediction capabilities of

future atmospheric processes, such as convection intiati

The comparison between the radar and surface stationssdggdetermining the range and
azimuth of the radar range gate coincident with each Mesiagbn within the radar’s refractivity
domain. These individual gates may be masked during somedgey clutter quality control
processing. To ensure temporal continuity and a rigoroug-term statistical comparison, a spatial
median of radar refractivity is derived from a8 grid of range gates (in azimuth and range,
respectively), centered on each Mesonet station. Thig radiactivity estimate is compared to
Mesonet refractivity observations. The areal coveragdef3x5 grid of gates is approximately

700x 1000 m at a range of 20 km from the radar.



To investigate the impact of changes in the vertical reivdgtyradient on radar refractivity
measurements, the Oklahoma Climatological Survey caéldrand installed new instrumentation
at the 9-m height on the NRMN Mesonet tower. The new sensd@swatcalibrated with respect
to similar instrumentation at 2 m, provided two observatievels of temperature, wind speed,
and relative humidity. Vertical gradients of these varahlas well as many derived parameters,
were calculated from this dataset to fully understand thbilsty of the near-surface atmosphere.
Data collection from the newly installed instruments beg@rAugust 2009. In addition, the data
logger at NRMN was updated to sample the atmosphere evemytendat both the lower and upper
instrumentation levels, a much higher frequency than presly available using standard 5-min

Mesonet data.

Any differences between Mesonet and radar refractivitysneaments are described by

¢ = N; ; @3)

mesonet ~ *Yradar»

wheree'’ is the refractivity difference for théth radar scan. The closest Mesonet observation
to the scan time of the radar is used for comparison to eadr radractivity estimate. Using
conventional Mesonet observations, the largest possénigaoral difference between radar and
Mesonet refractivity retrievals is 2.5 min; using data frtme upgraded NRMN Mesonet tower,
this maximum difference shrinks to 30 s. Since the PBL camgband evolve rapidly at any one
location, the high-frequency NRMN refractivity obsenaais ensure that the surface measurement
is as temporally correlated as possible to any given radar.s8ince NRMN is located within the
KTLX refractivity domain, and has the capability to obsetlie atmosphere rapidly at two levels,
this study focuses on the relationship between refragtsaimples taken by NRMN and KTLX.

Observed refractivity differences are related to atmosplpgocesses observed from the NRMN
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dataset.

To study the range of refractivity differences observedtighout the experiment, one-hour
means of refractivity difference (4) were computed for ektgsonet stationp. The averaging
helps mitigate the effects of noise or other short-termatems in refractivity differences. Then,
the one-hour means for each Mesonet statipnyere averaged to produce a mean radar refrac-
tivity difference for the radag, as shown by (5). The number of Mesonet stations is giveiv by

and the number of volume scansiis

1 M
&= 37 2 (@)
N
1
IR S c
DM (5)

Then, the diurnal range of refractivity differenck, was computed by taking the difference be-

tween the maximum one-hour mean refractivity differem@gg,,, and the minimum one-hour mean

refractivity differenceg,.;,,, over one day.

R = €max — €min (6)

Since Mesonet data at two levels were only available forgfatie experiment, radiosonde
data from Norman, Oklahoma (KOUN) were also examined. ¥aktiefractivity gradients were
computed from KOUN radiosonde data. Radiosonde data atlO0@were obtained for each day
between February 2008 and April 2010. Given that the lovelleefractivity gradients affecting
refractivity measurements are confined to the surface |lagkeactivity gradients were computed if
sufficient data (at least two measurements) were availabheilowest 50 m. If two measurements

were available in the lowest 50 m, surface layer refragtigitadients were computed.
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3. Challenges for implementation of radar refractivity retrievals
3a. Review of refractivity error sources

This section briefly reviews error sources discussed inipuavstudies, and Table 1 com-
pares many of these error sources. Fabry (2004) presenty dheeough discussion of errors
affecting refractivity measurements. He defines the isiciphase of a target as the component
of the phase affected by a target’s shape, range from the, r@ud target illumination. Changes
in the intrinsic phase of the target can result in errors fragtivity measurements. For example,
vegetation sway or bending results in fluctuations of a tagange from the radar as the vege-
tation oscillates around or deviates from a central pasitiesulting in fluctuations in the target’s
phase. Fabry (2004) found that vegetation sway is one oftigest error sources, potentially bias-
ing refractivity measurements hy 10 N-units (for a single target). Anomalous propagation)AP
can affect the intrinsic phase of clutter targets by chamdiire apparent shape of the target, and
changing the total path length to the target (Table 1). Tleeses are relatively small compared to
vegetation sway. The target’s intrinsic phase also vasesrasult of precipitation in the resolution
volume (random effect on phase), and coating of clutteretargvith water or ice (Fabry 2004).
Finally, variations in the height of clutter targets andmpas in the vertical gradient of refractivity

can increase the noise of phase measurements (Park and2ealiy

Other errors can result from propagation delay or radaesyshanges. Propagation delay
occurs as the electromagnetic wave slows down through wagesr or other media. Precipita-
tion can introduce propagation delay (Fabry 2004), and neaylt in a relatively large bias in

refractivity in very heavy precipitation because of thg&apropagation delay (Bodine et al. 2009).
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However, clutter targets in heavy precipitation may be oes by quality control. Frequency
drift can also impact radar refractivity measurements.imyuthe Refractivity Experiment for $0

Research and Collaborative Operational Technology TeafREEFRACTT; Roberts et al. 2008),
they determined that the frequency drift of the klystromsmitter was less than 0.4 ppm, or a

refractivity error of 0.4 N-units.

3b. Magnetron frequency drift

While the stable frequency of klystron transmitter minieszerrors caused by frequency
drift, magnetron transmitters have significant frequengft.dDetermining the errors associated
with transmitter frequency drift is important because entrmrefractivity experiments around the
world (e.g., Nicol et al. 2008; Boudjabi and Parent du Cle&t2008) are made with magnetron
radars. Refractivity errors associated with magnetromstratters have not been examined, so a
brief investigation is presented here using observatimm the Cyril, Oklahoma (KCYR) CASA

radar.

As stated earlier, magnetron frequency can drift as a fancif temperature. The transmit-
ter frequency of the CASA radars have been known to drift UpQi@ kHz over a matter of a few
hours, especially during start up. An analysis of a modifiesion of (2) shows that a frequency
change of that magnitude can produce an error on the orded bFdnits. An error this large is
quite substantial, and must be corrected if accurate measants of refractivity are to be extracted
using magnetron-based radars. A simple solution would begasure the transmit frequency, and
to subtract any effects of frequency changes since theersfertimet,. Using a finite difference

approximation for the range derivative in (2), the biasadtrced by frequency changes can be
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expressed as,

o 10° fo
av =g (1-9) @

wheref, andf, are the frequencies at the reference and measurementtespsctively (Michaud

2010).

Fig. 3 is an example of refractivity changeV since the reference time (set here to 0000
UTC [1900 LT]), as sampled by the Apache (APAC) Mesonetatatind KCYR. Also provided
in Fig. 3 is the KCYR refractivity change corrected for thesetved transmitter frequency drift
over the same time period. It can be seen that the refractigitrection in this case is generally on
the order of 2 to 4 N-units, corresponding to an observedigaqy drift of+200 kHz since 0000
UTC. The transmit frequency of the magnetron increasegédses) with decreasing (increasing)
internal system temperature since the reference timecindwa negative (positive) refractivity
change bias. In the example provided by Fig. 3, the intermalperature of KCYR decreased
after 0000 UTC (near the time of sunset), requiring a pasiterrection to refractivity until 1500
UTC (1000 LT). At that time, the ambient air temperature waseasing rapidly (per APAC data),
causing the radar’s internal temperature to increase apdrieg a negative correction throughout
the rest of the day. If refractivity derived from magnetiosised radars, such as the CASA radars,
is to be used quantitatively, then knowledge of the trantemitequency at each radar scan and the

amount of correction needed to remove any frequency dfétef is vital.

3c. Reference map representativeness

To reduce phase wrapping, radar refractivity requires w®te sf phase measurements. One

set of phase measurements is made at a reference or calibtiate, and the second set is made
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at the desired measurement time (Fabry 2004). Fabry (20@#hes a procedure for making a
reference set of phase measurements (hereafter, calledfdrence map). In his study, Fabry
recommended producing reference maps when refractivitpiizontally and temporally homo-
geneous, often under windy and cool conditions followingt#form precipitation. Accordingly, a
single value of refractivity is assumed to be valid everyrehat the reference time (NSN). In
central Oklahoma, however, moisture gradients are ramebflnough to assume a constant value
of refractivity. Thus, Oklahoma Mesonet data are interf@alao produce reference refractivity

values (Cheong et al. 2008).

The validity of (2) and the reference map requires that tHd Hé suitable clutter targets
for radar refractivity retrieval are identical at both tlederence time and some future observation
time, and that changes in echo phase from these targetsaenttely to changes in atmospheric
refractivity. As described in Section 3a, a clutter targgthase may change due to vegetation
sway, or more generally due to changes in a target’s shapge (hanges in foliage, damage,
construction). If the clutter field itself changes, then itmegration of echo power returned from
clutter targets produces a change in echo phase which ielaéd to a change in atmospheric
conditions. If the character of the clutter field changesnta new, more respresentative reference

phase field must be created.

To address the need for an improved method of selectingereermaps, a semi-automated
method of reference map production was created. The setmirabed method searches a time se-

ries of Oklahoma Mesonet data within the refractivity dom@ig. 1) for the following conditions:

1. Rainfall rateR < 0.01 mm hr!

2. Wind speedgi| <5ms!
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3. Refractivity rangeV,,... — Nymin < 5 N-units.

The conditions must be observed for a minimum of 10 consesudidar scans to ensure temporal
consistency, and mean rainfall rate and wind speeds musiméyalow the aforementioned thresh-
olds. The refractivity range, or the mean difference betwibe highest#,,....) and lowest {V,,.;,,)

refractivity values, must be below 5 N-units for at least d@gecutive radar scans.

Once the criteria have been met, reference maps are protlucebe periods that met the
criteria above, and a series of additional quality checkgarformed to ensure a quality reference
map. Even if reference maps are produced under these aorgjippoor reference maps can still
result owing to variations in clutter coverage at differesference map times. Thus, fields of
the reliability index (RI; Fabry 2004), Mesonet refractyyiand phase are further examined by
researchers to determine which reference maps provideeiteclutter coverage and the smallest
gradients in Mesonet refractivity. This quality check prss could be automated by setting a
threshold for the RI, and selecting the reference map wirhighest number of gates exceeding

the RI threshold.

Based on the semi-automated algorithm described abowserefe maps were produced
at six different times on 12 July 2009. Fig. 4 presents theaotivity measurements using the six
different reference maps, and reveals that reference magaged at different times can yield large
biases in refractivity measurements. The reference mapslastered into two groups: reference
maps made between 0400 — 1600 UTC and reference maps madeehe?®@00 — 0100 UTC.
These two groups exhibit a nearly constant offset or “shaftabout 7 N-units. This offset could
result from different vertical refractivity gradients whthe reference maps were produced, which

would explain the clustering. As will be discussed in Satdg a diurnal variation in the vertical
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refractivity gradient is observed which may explain theerehce map “shift”. Fig. 5(a) presents a
two-month time series of the radar refractivity differeii8g which is discussed in greater detail in
the forthcoming section. However, examining the radaictivity difference on 12 July 2009, the
diurnal range of radar refractivity differences is approately 9 N-units, close to the maximum
“shift” observed in the reference maps. Moreover, the safee maps made between 0400 — 1600
UTC were produced during relatively small refractivityfdiiences whereas the 2000 — 0100 UTC

were produced during larger (more negative) refractivitiedences.

If reference maps are made at different times when vertfedctivity gradients are differ-
ent, refractivity values will be shifted at subsequent mmeasent times. Table 2 shows examples of
how vertical refractivity gradients affect refractivityaasurements for different target heights. In
both examples, it is assumed that the 2-m surface refrgctioes not change. The vertical refrac-
tivity gradient at the reference timg, fs -0.1 and -0.5 N-units mi for each case, hereafter called
the small vertical gradient and large vertical gradienesasespectively. At the reference time,
even though the radar is sampling a height above 2 m, thectwitg measurement is set equal to
the 2-m refractivity observation. As the vertical refraityi gradient changes at later measurement
times (4 and t), the measured radar refractivity value changes even ththeg2-m measurement
remains unchanged, resulting in large differences betweemnadar and surface observation. At
time t, with a vertical refractivity gradient of -1 N-unit m, radar refractivity values for the small
and large vertical gradient reference maps are 283.8 aniN291its, respectively (bolded text in
Table 2). In Section 4, diurnal changes in vertical refragtigradients will be investigated in more

detail.

In this study, tradeoffs have been observed in producingreete maps. First, clutter

targets may sway under windy conditions, but may remainostaty under calm conditions. If
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a reference map is made under windy conditions, clutteetarthat may be usable under calm
conditions are censored. Thus, reference maps made dwiistively calm conditions should

maximize refractivity coverage. Adaptive clutter cenagr(e.g., quality index discussed in Fabry
2004; Cheong et al. 2008), however, is required to ensutecthter targets are censored when
vegetation sway or target motion becomes a problem undetywaonditions. In the present study,
creating reference maps under relatively calm conditionsige increased refractivity coverage

for KTLX because the southeastern part of the domain is datathby vegetation.

A second tradeoff involves producing reference maps uniierent propagation condi-
tions. More clutter targets are illuminated during supfeaction compared to subrefraction (e.g.,
well-mixed conditions), hence increasing refractivitywvemage. However, producing reference
maps during a period of large vertical refractivity gradgewill increase errors due to sampling
inconsistencies (Fabry 2004; Weckwerth et al. 2005) anctase the phase variance due to target

height variance (Park and Fabry 2010).

The reference map remains an important, but poorly undsitstomponent of radar re-
fractivity retrieval. Future research should investigates to maximize radar refractivity coverage
while minimizing differences introduced by changes in wattrefractivity gradients, and should
develop a fully automated method of reference map productieor this study, new reference
maps were created every 3 — 4 months because data qualigdaegover longer time periods and
aliasing occurred frequently as refractivity values clehgignificantly seasonally. If refractivity
were implemented on the WSR-88D network, over 150 radarddvoeed reference maps as fre-
guently as every 3 — 4 months. For a CASA network of radar céfrigy, tens of thousands of
radars could need reference maps. Hence, implementing nefdactivity in an operational radar

network likely requires automated reference map prodaoctica future operational radar network

18



with multiple frequencies were implemented, refractivigyrieval might be possible without using

a reference map (Cheong and Palmer 2009).

4. Sampling inconsistencies

The height of radar refractivity measurements is unknowaabse the mean clutter height
and beam propagation are unknown (a mean height based amnteleated power from the beam
illuminating the target). The height of clutter targets li@wever, generally much higher than
surface measurements (e.g., Mesonet at 2 m), so surfacadadrefractivity measurements are
measuring different heights of the atmosphere. Fabry (R@@glains how the radar observes
atmospheric refractivity several tens of meters AGL duenmheight of the clutter targets used,
and that vertical gradients of refractivity near the sugfaould cause significant discrepancies
between radar and surface observations of refractivityckierth et al. (2005) found only small
changes in refractivity with respect to height throughdwt lowest several hundred meters of the
atmosphere. However, that study was performed in the Ohtalféanhandle, where conditions are
typically much drier than in central Oklahoma. In this sextithe hypothesis that the existence of
large vertical refractivity gradients could explain thegler refractivity differences is investigated
using KTLX and Mesonet data over a two-year period. In thigiea, the hypothesis that the
existence of large vertical refractivity gradients coulgblain the larger refractivity differences is

investigated using KTLX and Mesonet data over a two-yeaogder
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4a. Surface layer refractivity gradients

A diurnal evolution of vertical moisture and temperaturadjents is observed in the surface
layer. In the unstable, afternoon surface layer, largeasaermoisture fluxes result in decreasing
moisture as a function of height (e.g., Stull 1988). Largsgative moisture gradients are found
near the surface transitioning to small moisture gradiantthe top of the surface layer (Stull
1988). Large, negative vertical temperature gradientsclaracterize the afternoon surface layer,
and temperature gradients are often superadiabatic. mgagh to sunset, the surface layer under-
goes the early evening transition (EET; Acevedo and Fitzidr2001). The EET is characterized
by a developing stable surface layer, reduced mixing, ateh@n increase in moisture. The mois-
ture increase results from increased evaporation, whi¢trapped” by the stable surface layer
(Fitzjarrald and Lala 1989). Hence, vertical moisture ggats may result during the EET due to
increases in moisture at the surface. Temperature inversigse in the stable surface layer, owing

to rapid cooling of the surface.

The impact of these vertical moisture and temperature gnaslion refractivity varies sea-
sonally because refractivity is more sensitive to moistitkgarmer temperatures (1). Hence, in the
warm season, refractivity is more sensitive to moisture teanperature, so the vertical refractivity
gradients are dominated by vertical moisture gradientg. G-presents a monthly climatology of
the mean surface layer refractivity difference between@ @&m from the NRMN Mesonet site
between September 2009 and May 2010 (9-m data unavailablet@20 August 2009). During
the warm season (e.g., 09/09 or 05/10), large verticale¥ity gradients (exceeding 0.4 N-units
m~1) are observed in the late afternoon resulting from sharsmeg decreases as a function of

height. In individual cases, vertical refractivity graalie as large as 1 or 2 N-unitsthare ob-
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served. During the EET, a secondary maximum in verticabativity gradients is observed (e.g.,
05/10), probably attributed to increased evaporationhéncool season, much smaller refractivity
gradients are observed in the afternoon because reftgiaviess sensitive to moisture. Large
vertical refractivity gradients form overnight owing taatg nocturnal inversions (e.g., 01/10),

resulting in vertical refractivity gradients of above 0.2uNits nTt,

4b. Refractivity difference case studies

A very large diurnal range of differences between radaantivity measurements and the
Mesonet are observed at times during the radar refraceiperiment, sometimes exceeding 30
N-units over 24 h. As discussed in Section 3c, the refererme choice can “shift” refractivity
measurements. Hence, since the actual value of refraotiait be shifted by using a different ref-
erence map, the range of refractivity differences is mongoirtant than the refractivity difference
value. In the forthcoming case studies, radar refractigifierences are compared to the 2-9 m
refractivity difference and Richardson number. The 2-9 ffedence is shown for periods after 20

Aug 2009 when 9-m Mesonet moisture measurements were laleita NRMN.

i. 18 June — 08 August 2009Very large radar refractivity differences are often obserin the

summer. Fig. 5a presents a time series of radar refractifitgrences computed for six Mesonet
stations within good clutter coverage between 18 June — @i18t.2009. The diurnal range of re-
fractivity difference sometimes exceeds 30 N-units (€.9.July 2009). All of the Mesonet stations
exhibit a prominent diurnal trend, which suggests that tngse of these refractivity differences

affects the entire domain fairly similarly. However, thelividual Mesonet stations can disagree
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for brief periods, which could result from differences inget height among stations or differences
in the spatial scales of sampling for the Mesonet and therrdde Spencer, Oklahoma (SPEN)
Mesonet station in particular often exhibits significargadjreement with the radar measurements,
which could also be related to relatively poor clutter caggr in the area. Mean values of radar
refractivity difference were computed for each surfacé@tebetween 18 June — 08 August 2009,
but the differences in mean values among stations were sjuigdl compared to the variance. So,

the differences between stations were not statisticaiiyiscant.

During the summer, the radar refractivity difference tirages reveals a diurnal trend sim-
ilar to the observed low-level refractivity gradients ohs&el by the Mesonet, suggesting that the
sampling differences may be related to the magnitude ofiéwet refractivity gradients (Figs. 5a,6).
The radar refractivity difference generally decreasesraftinrise, and can decrease very rapidly
(e.g., 19 July 2009), or decrease more gradually (e.g., {2009 in Fig. 5a). In some cases, the
decrease in radar refractivity difference occurs latehm afternoon (e.g., 08 — 11 August 2009
in Fig. 5a) after remaining relatively constant throughtiwg morning and afternoon. Just before
sunset (2200 — 0000 UTC), the radar refractivity differengenerally increase as the surface sta-
ble layer begins. After sunset, the highest radar refragtilifferences are typically observed, and

differences remain relatively constant overnight.

Stability appears to play a role in determining the magratotiradar refractivity differ-
ences. On days when stable conditions persist overnigtiicéited by black circles on Fig. 5a)
and unstable conditions persist during the afternoon¢atdd by red circles on Fig. 5a), a larger
range of radar refractivity difference ensues (e.g., 23 J@% 2009 in Fig. 5a). Moreover, the
transition from stable to unstable conditions in the mogni@esults in decreasing radar refractiv-

ity differences, and the transition from unstable to stableditions in the evening coincides with
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increasing radar refractivity differences. When neutrab#ity prevails, smaller radar refractivity
differences occur and a smaller diurnal range of radarc#ity differences is typically observed.
While Mesonet observations showed large refractivity gnai$ between 2 and 9 m in the late af-
ternoon, such large refractivity gradients may not be gmtative of through the entire surface
layer or the vertical depth of clutter targets. Latent heatd$ are large near the surface, producing
strong vertical moisture gradients whereas moisture graslinear the top of the surface layer are
near zero owing to well-mixed conditions (Stull 1988). le ttable surface layer, however, large
gradients of temperature and sometimes moisture are aasever a deeper layer. Thus, the large
refractivity gradients observed by the Mesonet in the eavBning may be more representative of
refractivity differences observed over a deeper layerauttaristic of refractivity measurements.
Hence, the large vertical gradients sustained overniglytn@sult in larger refractivity gradients,

explaining the maximum in refractivity differences oveyini.

To determine periodicities characterizing the radar eivay difference, a periodogram
was computed for the radar refractivity difference for eatdtion (Fig. 5b). The periodogram
for each station reveals a clear peak at a frequency of 1'dagnfirming that the diurnal trend in
radar refractivity difference is a common feature in thearadfractivity time series for each station
(same trend for SPEN and OKCW, but not shown). While the pegoam revealed a peak at a
frequency of 1 day', the radar refractivity differences do not always exhibifiarnal trend (e.g.,
07 July or 21 July 2009). Examining higher frequencies, maicpeaks are observed consistently
at multiple Mesonet stations. Although frequencies lessth day' are observed in the time
series, the transition time between higher and lower reftiac differences varies substantially
and occurs at different times of day (e.g., varies in part usunrise or sunset times), so the

periodogram lacks a prominent peak at higher frequencies.
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ii. 20 August — 10 October 2009In the late summer and early fall, a less prominent diurnal
trend occurs, and the diurnal range of refractivity differes are smaller (Figs. 7, 8). Between
02-04 September 2009, the time series of radar refractifityrence shows small diurnal ranges
of refractivity differences. However, large refractivitjfferences can still occur, as observed on
29 September 2009 when the diurnal range of refractiviteeds 25 N-units. For this particular

case, large refractivity differences occurred overnigidar high pressure and stable conditions
(Fig. 8).

Correlation coefficients were computed between the radhtlen2-m Mesonet refractivity
measurements{izas y _2.») and the radar and 9-m Mesonet refractivity measurememts At o, )-
Between 20 Aug — 16 September 2009, the 99% confidence ihterva gy, n_2., is 0.922 -0.932
and the 99% confidence interval fof#y, v _o. IS 0.935 —0.944 (Fig. 7). Although the differences
in the correlation coefficients are small, the confidenceriral shows statistically significant dif-
ferences between the correlation coefficients of the twe @eries. Thus, the 9-m observations
show better correlation compared to the 2-m observationgernGhat the mean target height is
likely much higher than 2 m, the higher correlation at 9 m is swrprising. Higher correlations

might be expected if higher observations were available.

Between 16 September — 09 October 2009, even higher cioredadre observed at both
2 and 9 m (Fig. 8). The confidence interval fara, n_2., is 0.966 — 0.971 and the 99% confi-
dence interval for g gy n—om 1S 0.974 — 0.978. As observed during the previous period9the
Mesonet site exhibits higher correlation than the 2-m Messite, indicating smaller differences

in sampling inconsistencies at 9 m compared to 2 m.

In general, the radar refractivity differences correlatdlwith the 2—9 m refractivity dif-
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ference, indicating that low-level refractivity gradisratffect the observed refractivity differences.
The correlation between the radar refractivity differenemd 2—9 m refractivity differences is
higher in the later period (Fig. 8), possibly because largéactivity differences and coincident
Mesonet vertical refractivity gradients are observed careg to the first period. Overall, the 2—
9 m differences are smaller than the radar refractivityedéghces observed (approximately by a

factor of 2 or 3), which also suggests that the target heigktsed 9 m.

iii. 19 November — 13 December 2009n the cool season, the time series between 19 Novem-
ber — 13 December 2009 reveals much smaller radar refrigctiifferences (Fig. 9), which only
occasionally exceett 10 N-units. Radar refractivity differences between 05 — E@&nber 2009
are quite small (generally- 2 N-units), resulting from primarily neutral stability anery small
surface layer gradients in moisture. Overall, radar réifriag differences for each Mesonet station

exhibit better agreement with each other compared to thengaason.

The time series of the radar and the 2-m Mesonet observatamsthe radar and 9-m
Mesonet observations exhibit very high correlation. Thaficence interval for gzyv_om IS
0.957 — 0.964 and the 99% confidence interval fegsn—9.m IS 0.973 — 0.977. Hence, the 9-m
observations show higher correlation than the 2-m obsenst consistent with the trends ob-
served during the warm season. The range of 2—9 m differeactightly smaller than the range
of radar refractivity differences observed. The smallffedences between these two time series
could have two explanations. First, smaller differencadaoesult if the mean (beam-weighted)
target height decreased, possibly owing to increasedctedraand more power illuminating the
lower portions of clutter targets. Hence, the represerddieight of refractivity measurements

would be lower and smaller sampling differences would teséthother explanation for the re-
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duced differences between the two time series is that thieakrefractivity gradients above 9 m

are relatively small compared to the warm season.

4c. Climatology of refractivity differences

The previous case studies show that radar refractivitgfices exhibit a prominent diurnal
trend, and the diurnal range of refractivity differencemstimes exceeds 30 N-units. To further
characterize this diurnal trend and examine the seasoaehcteristics of refractivity differences,
the diurnal range of radar refractivity difference (delsed in Section 2) was computed for KTLX
from March 2008 — April 2010 (Table 3). Fig. 10 presents hgséons of the diurnal range of
refractivity differences for 2009. The highest median dalrange occur during the warm season,
with the median diurnal range exceeding 8 N-units betweey &fa August and the diurnal range
exceeds 20 N-units on 17% of days. During July 2009, the mediiarnal range is 11.8 N-units
and exceeded 20 N-units on 24% of days. In the cool seasomeldén diurnal range is much
lower, below 6 N-units between October and March. Very laligenal ranges are uncommon, and

only exceed 20 N-units when strong inversions are presamt @dter a cold front passage).

The range of radar refractivity differences from 2008 and®@eveal similar trends to
2009 (Table 3). The median diurnal range of radar refragtlifferences in the warm season are
higher than the cool season. Moreover, the largest medianalirange of refractivity differences
corresponds to periods with higher surface layer refragtyradients in the lowest 50 m, computed
from KOUN radiosonde observations (Table 4). These datéircorthe seasonal variability of

radar refractivity differences presented in the precedasg studies.
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4d. Theory of radar refractivity differences caused by vertical refractivity gradient changes

In Section 3c, an example of how different vertical gradseadtect radar refractivity mea-
surements was presented in Table 2. This example alsad@tasthow vertical refractivity gradi-
ents can cause large refractivity differences betweenfa®istation and the radar. The change
in vertical refractivity gradient between the referencd #re measurement time introduces differ-
ences between refractivity measurements from a surfatierstand the radar. In the smaﬁg)
gradient example for 20-m targets, radar refractivityatiginces of 7.2 and 16.2 N-units result from
vertical refractivity gradients of -0.5 and -1 N-units in(italicized text in Table 2). In the large
(ffi—f) gradient example for 20-m targets, radar refractivityedénces of -7.2 and 9 N-units result
from vertical gradients of -0.1 and -1 N-unitst(bold, italicized text in Table 2). In general,
the magnitude of these differences increases as the tagggithncreases, and as the difference

between the vertical refractivity gradient at the refeezsand measurement times increases.

5. Conclusions and discussion

This study investigated challenges for implementing radémactivity retrievals on an op-
erational network, including magnetron frequency driéference map issues, and sampling in-
consistencies. Although magnetron frequency drift is kmoavaffect refractivity measurements,
the magnitude of these errors had not been measured prigvidhs study found that magnetron
frequency drift can result in errors up to 10 N-units. To a&ddrthe difficulties in producing refer-
ence maps, a semi-automated procedure for making refeneage was outlined. The study found

that reference maps made at different times of day creatastaat offset or “shift” of refractivity
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values. A theory explaining how changes in vertical refudgtgradients can produce a “shift” of

refractivity values is presented.

This study addressed the need for a thorough, quantitatxesiigation of radar refrac-
tivity differences, and utilized refractivity data fromev2 years (previous studies examined 90
days or less of data). Fabry (2004) and Weckwerth et al. (R808gested that radar refractivity
differences may result from sampling differences resgitiom changes in the vertical gradient of
refractivity over time. This study investigated this hylpesis using Mesonet observations of mois-
ture at 2 and 9 m, providing direct comparisons of surfaceragfractivity gradients to refractivity

observations.

Very large refractivity differences were observed durintyva-year period of refractivity
and Mesonet comparisons, much larger than refractivifgiihces found in previous studies (e.qg.,
Fabry 2004; Weckwerth et al. 2005). Refractivity differeasometimes varied over 30 N-units in
one day, and resulted from sampling inconsistencies betweetwo measurements. The great-
est diurnal variations in radar refractivity differencescorred when persistent stable conditions
were observed overnight, and persistent unstable conditie@re observed during the afternoon.
During both the warm and cool season, radar refractivitya @tibited higher correlation with
9-m Mesonet refractivity than 2-m Mesonet refractivitydicating that the representative height
of refractivity measurements was at least 9 m. Moreovearaefractivity exhibited poorer cor-
relation with 2-m and 9-m Mesonet observations during thewseason, suggesting that 2 and
9 m moisture measurements are less representative oftreifsameasurements during the warm

season.

Over the two-year period, the diurnal range of refractidifferences exhibited a prominent
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seasonal trend. Radar refractivity differences are grégtaearly a factor of 2 in the warm season
compared to the cool season, with median diurnal refragtreinges exceeding 8 N-units during
the warm season. The frequency of days with very large dinamges of refractivity differences
was also higher in the warm season. The higher sensitivityaigture during the warm season, and
larger vertical gradients of moisture may explain the ladjernal range of refractivity differences

in the warm season.

The results from this study have important implicationsusing refractivity data in fore-
casting and data assimilation applications. The referemap “shift” and large refractivity dif-
ferences can significantly affect refractivity estimat€ven that one of the primary benefits of
radar refractivity measurements are convection initratayecasting in the warm season, the large
diurnal range of refractivity differences poses a potdigtsignificant problem for refractivity re-
trieval. For data assimilation, the “shift” and refractvdifferences must be “corrected” to the
surface, or refractivity data must be assimilated at theessgntative height of refractivity mea-
surements. Unfortunately, the height of clutter targetsnisnown and likely varies spatially and
perhaps seasonally. Hence, methods to determine the lofitiite mean height of clutter targets
or refractivity measurements should be developed, if pbssif refractivity data are assimilated

with refractivity differences as large as 30 N-units, veryaalistic initial conditions will ensue.

For forecasting applications, the reference map “shiftd sarge refractivity differences
may have smaller impacts when examining moisture gradi@ngxan-to-scan refractivity. For
example, for boundary detection, a forecaster could examgfractivity to observe moisture gra-
dients or scan-to-scan refractivity to observe temporaktace changes (e.g., Weckwerth et al.
2005; Roberts et al. 2008; Heinselman et al. 2009). If vartgradients of refractivity are rel-

atively spatially homogeneous (certainly true compareditwnal changes), then the sampling
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inconsistencies affect the refractivity field homogend&gusnd accurate measurements of hori-
zontal gradients of refractivity are still obtained. Moveq because scan-to-scan refractivity takes
a phase difference over one volume scan, the vertical tefitgcgradient changes over this pe-
riod are probably quite small (except during the EET or jistrasunrise). Hence, scan-to-scan
refractivity may be immune to the problems caused by samticonsistencies. Although numer-
ous challenges exist with refractivity retrieval usingagdhe potential impact of high-resolution
moisture measurements is great. So, research effortsifigcos minimizing these errors and

discovering new applications of refractivity data shoudddursued.
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Figure Captions

1 A map of radars used for refractivity retrieval in centratissouthwestern Okla-
homa. Refractivity domains are colored based on radar tyg8R-88D (red),
CASA (blue), and PAR (black). Oklahoma Mesonet stationdatveled in brown

and shown by the brown triangles. . . . . . .. .. ... ... ..... ... 39

2 A two-hour evolution of radar refractivity fields, using KR in southwest Okla-
homa. Radar scans were taken every 4-5 min during this timedydor brevity,
scans at 15-min intervals are shown. Notice the rapid rettimuch higher refrac-
tivity from the east after 0000 UTC (1900 LT). The locatiorishte Altus (ALTU),
Tipton (TIPT), and Grandfield (GRAN) Mesonet stations arendecated by the

black triangles. . . . . . . . . . e 40

3 A comparison of sampled refractivity change, as derivethfKCYR and the 2-m
measurements from APAC, including frequency drift-coteddCYR refractivity
change. Refractivity difference is small during this pdriwith much of the differ-
ence being removed when correcting the data for the drifh@fradar transmitter

frequency. . . . . . . e 41
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A time series comparison of the radar refractivity diffeze between the 2-m Nor-
man Mesonet and radar refractivity, computed for six ddferreference maps.
The reference maps were created at six different times ouly2009, and the
time series shown is on 12 July 2009. The reference maps @stertd into two
separate groups based on the time of day. The reference namgsovernight and
during the morning (0400 — 1600 UTC), and reference maps rinatie afternoon
and early evening (2000 — 0000 UTC) are clustered. The méermap can “shift”

refractivity estimates as much as 7 N-units depending orthioéce of reference

a) Time series of radar refractivity difference for six Mast stations, showing the
difference between the 2-m Mesonet and radar refractivatyvben 18 Jun — 13
Aug 2009, and b) periodogram of radar refractivity differerbetween 18 Jun —
13 Aug 2009. The time series reveals a prominent diurnabgamity in radar re-

fractivity difference. At the top of the time series plotabk circles indicate stable
conditions with Ri> 0.25 and red circles indicate unstable conditions with<Ri
-1. When a large diurnal range of radar refractivity diffeze occurs, the surface
layer is stable at night and very unstable during the aftemnn the periodogram,

a prominent peak is observed at a frequency of T-d#&yr each Mesonet station.
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Climatology of the hourly mean refractivity differencetlween 2 and 9 m from the
NRMN Mesonet site (difference in N-units). The plots show thonthly hourly
mean from Sep 2009 to May 2010. Larger refractivity differemare observed in
the warm season (e.g., 09/09 or 05/10), particularly in e &fternoon. In the
cool season, the largest refractivity differences are meseovernight, owing to
strong nocturnal inversions and increased dependencérattieity on tempera-

ture (e.g., 01/10). . . . . . ..

Time series of radar refractivity difference for six Mesbstations, showing the
difference between the 2-m Mesonet and radar refractivatyvben 20 Aug — 15
Sep 2009. At the top of the time series plot, black circlesciaig stable conditions
with Ri > 0.25 and red circles indicate unstable conditions witkcR1. The green

horizontal line is plotted to show Ri=0.25. . . . . . .. .. ... ... .....

Time series of radar refractivity difference for six Mesbstations, showing the
difference between the 2-m Mesonet and radar refractivatyvben 16 Sep — 09
Oct 2009. At the top of the time series plot, black circlesaate stable conditions
with Ri > 0.25 and red circles indicate unstable conditions witkcR1. The green

horizontal line is plotted to show Ri=0.25. . . . . . .. .. ... ... .....
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10

Time series of radar refractivity difference for six Mesbstations, showing the
difference between the 2-m Mesonet and radar refractivatyvben 19 Nov — 13
Dec 2009. In general, radar refractivity differences areimsmaller in the cool
season compared to the warm season, with radar refradiifierences only oc-
casionally exceeding: 10 N-units. At the top of the time series plot, black circles
indicate stable conditions with Rt 0.25 and red circles indicate unstable condi-

tions with Ri< -1. The green horizontal line is plotted to show Ri=0.25. . ..... 47

Monthly histograms of the diurnal ranges of refractidifference for KTLX in
2009. The diurnal range of refractivity differences is gesain the warm season,
with a median diurnal range exceeding 10 N-units in June ahd2D09. The
diurnal range of refractivity differences are much lowethe cool season, with
median ranges between 3 — 6 N-units. The number of days wiyhaege diurnal
ranges of refractivity differences-@0 N-units) is also much higher in the warm

seasonthanthe coolseason. . . . . . . . . . . . . . . . . ... . 48
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Figure 1: A map of radars used for refractivity retrieval entral and southwestern Oklahoma.
Refractivity domains are colored based on radar type: W8R-@ed), CASA (blue), and PAR
(black). Oklahoma Mesonet stations are labeled in brownstwoegvn by the brown triangles.
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KFDR Refractivity Evolution, 12-13 June 2009
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Figure 2: A two-hour evolution of radar refractivity fieldssing KFDR in southwest Oklahoma.
Radar scans were taken every 4-5 min during this time pefioofyevity, scans at 15-min intervals
are shown. Notice the rapid return of much higher refraitirom the east after 0000 UTC (1900
LT). The locations of the Altus (ALTU), Tipton (TIPT), and @ndfield (GRAN) Mesonet stations
are demarcated by the black triangles.
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KCYR vs. APAC Refractivity, 15 May 2009
T T T
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Figure 3: A comparison of sampled refractivity change, as/dd from KCYR and the 2-m mea-

surements from APAC, including frequency drift-correct€@YR refractivity change. Refrac-

tivity difference is small during this period, with much dig difference being removed when
correcting the data for the drift of the radar transmittegfrency.
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12 July 2009 Reference Map Shift

avoo-orurc]! LT T T T
- 04-05 UTC
- 08-09 UTC
—12-13UTC
~+ 16-17UTC|
- --20-21UTC

.
=)

51

NrwnNicrix

~10|-

Y
15~ A -

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-20,
00 o1 02 03 04 05 06 o7 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 00

Time (UTC)

Figure 4: A time series comparison of the radar refractidifference between the 2-m Norman
Mesonet and radar refractivity, computed for six differegference maps. The reference maps
were created at six different times on 12 July 2009, and the #series shown is on 12 July 2009.
The reference maps are clustered into two separate grogpd ba the time of day. The reference
maps made overnight and during the morning (0400 — 1600 Uai®),reference maps made in
the afternoon and early evening (2000 — 0000 UTC) are cledterhe reference map can “shift”
refractivity estimates as much as 7 N-units depending ochbee of reference map.
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a) Radar Refractivity Difference
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b) Periodogram of Radar Refractivity Differences
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Figure 5: a) Time series of radar refractivity difference $ix Mesonet stations, showing the
difference between the 2-m Mesonet and radar refractivatwben 18 Jun — 13 Aug 2009, and b)
periodogram of radar refractivity difference between 1833 Aug 2009. The time series reveals
a prominent diurnal periodicity in radar refractivity difence. At the top of the time series plot,
black circles indicate stable conditions with Ri0.25 and red circles indicate unstable conditions
with Ri < -1. When a large diurnal range of radar refractivity diffeze occurs, the surface layer
is stable at night and very unstable during the afternoothérperiodogram, a prominent peak is
observed at a frequency of 1 dayfor each Mesonet station.
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Diurnal Climatology of 2-9 m Refractivity Difference
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Figure 6: Climatology of the hourly mean refractivity diftsce between 2 and 9 m from the
NRMN Mesonet site (difference in N-units). The plots show thonthly hourly mean from Sep
2009 to May 2010. Larger refractivity differences are oledrin the warm season (e.g., 09/09 or
05/10), particularly in the late afternoon. In the cool seashe largest refractivity differences are
observed overnight, owing to strong nocturnal inversiargiacreased dependence of refractivity
on temperature (e.g., 01/10).
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Radar Refractivity Difference
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Figure 7: Time series of radar refractivity difference for Blesonet stations, showing the differ-
ence between the 2-m Mesonet and radar refractivity bet@@éxug — 15 Sep 2009. At the top of
the time series plot, black circles indicate stable coadgiwith Ri> 0.25 and red circles indicate
unstable conditions with R -1. The green horizontal line is plotted to show Ri=0.25.
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Radar Refractivity Difference
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Figure 8: Time series of radar refractivity difference for Blesonet stations, showing the differ-
ence between the 2-m Mesonet and radar refractivity betd®@&ep — 09 Oct 2009. At the top of
the time series plot, black circles indicate stable coadgiwith Ri> 0.25 and red circles indicate
unstable conditions with R -1. The green horizontal line is plotted to show Ri=0.25.
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Radar Refractivity Difference
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Figure 9: Time series of radar refractivity difference for Blesonet stations, showing the differ-
ence between the 2-m Mesonet and radar refractivity betd@dwov — 13 Dec 2009. In general,
radar refractivity differences are much smaller in the s®Ason compared to the warm season,
with radar refractivity differences only occasionally erding+ 10 N-units. At the top of the time
series plot, black circles indicate stable conditions With- 0.25 and red circles indicate unstable
conditions with Ri< -1. The green horizontal line is plotted to show Ri=0.25.
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Figure 10: Monthly histograms of the diurnal ranges of retixaty difference for KTLX in 2009.
The diurnal range of refractivity differences is greateghie warm season, with a median diurnal
range exceeding 10 N-units in June and July 2009. The divaingke of refractivity differences are
much lower in the cool season, with median ranges between Bl-uits. The number of days
with very large diurnal ranges of refractivity differendes20 N-units) is also much higher in the
warm season than the cool season.
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Table 1: Radar refractivity error sources discussed iniptsvstudies. The examples by Fabry
(2004) are at 25 km range.

Error Source Study Magnitude (N-units)
Vegetation sway Fabry (2004) + 10
Change in target shape from anomalous propagation Fabry (2004) +1
Path change due to anomalous propagation Fabry (2004) +0.4
Precipitation delay (10 — 100 mmh) Bodine et al. (2009 1-7
Transmitter frequency drift (klystron) Roberts et al. (2008 0.4
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Table 2: Examples of the impact of changes in vertical réifreig gradients on refractivity values
and refractivity differencesg, for heights/, of 10 and 20 m. The 2-m surface observation is always
300 N-units, and the vertical refractivity gradient at tbé&erence time% att,.r,is -0.1 and -0.5
N-units nT! for the small and large gradient cases, respectively. Nfim}iand N(h=20 m) are
the actual refractivity values at the measurement heigiat, N, 4.-(h=10 m) and N,4.-(h=20 m)

are the refractivity values obtained using each refererag. rAt the reference time,.;, the 2-m
surface observations and the radar are set equal.

Case Small ¥ Large 4
tIt.,-ef t:t'r‘ef

Time tref t1 to tref t1 (D)

4N (N-units ') || -0.1 | -0.5 |-1.0 ||-0.5|-0.1 |-1.0

N(h=2 m) 300 | 300 |300 | 300300 |300
N(h=10 m) 299.21 296 | 291 | 296 | 299.2| 292
N(h=20 m) 298.2(1 292 | 282 | 291 | 298.2| 282

N, oie-(h=20m) || 300 | 296.8| 292.8|| 300 | 303.2| 296

N, ader(h=20m) | 300 | 292.8| 283.8|| 300 | 307.2| 291

e(h=10 m) 0 32 |72 [0 |-32 |4

e(h=20 m) 0 72 |162 |0 |-72 |9
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Table 3: Median monthly diurnal rang&, of radar refractivity difference (N-units) for KTLX
between Mar 2008 — Apr 2010.

Year | Jan| Feb| Mar | Apr | May | Jun | Jul | Aug | Sep| Oct | Nov | Dec

2008 | - - 1140|6576 |53|94|94,71|64| 72| 6.2

2009 56| 35|42 |6.2| 9.2 101|118 87 |73 |3.7| 52| 3.8

20101 42| 47| 54| 63| - - - - - - - -
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Table 4: Median monthly KOUN radiosonde surface layer waivity gradient (N-units m* x
10~') between Mar 2008 — Apr 2010. A median radiosonde value farZB®8 was not computed
because insufficient days with surface layer measuremesrts available (DM).

Year| Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec

2008| - - -0.48| -0.66| -1.04| -1.38| -1.30| -1.19| -0.98| -0.60| -0.32| DM

2009| -0.34| -0.42| -0.58| -0.63| -0.94| -0.91| -1.37| -1.13| -1.01| -0.76| -0.45| -0.33

2010| -0.39| -0.52| -0.46| -0.85| - - - - - - - -
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