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ABSTRACT

Accurate radar refractivity retrievals are critical for quantitative applications, such as assimilating re-

fractivity into numerical models or studying boundary layer and convection processes. However, the

technique as originally developed makes some simplistic assumptions about the heights of ground targets

(HT) and the vertical gradient of refractivity (dN/dh). In reality, the field of target phases used for re-

fractivity retrieval is noisy because of varying terrain and introduces estimation biases. To obtain a re-

fractivity map at a constant height above terrain, a 2D horizontal refractivity field at the radar height must

be computed and corrected for altitude using an average dN/dh. This is achieved by theoretically clarifying

the interpretation of the measured phase considering the varying HT and the temporal change of dN/dh.

Evolving dN/dh causes systematic refractivity biases, as it affects the beam trajectory, the associated target

range, and the refractivity field sampled between selected targets of different heights. To determineHT and

dN/dh changes, a twofold approach is proposed: first,HT can be reasonably inferred based on terrain height;

then, a new method of dN/dh estimation is devised by using the property of the returned powers of a

pointlike target at successive antenna elevations. The dN/dh obtained shows skill based on in situ tower

observation. As a result, the data quality of the retrieved refractivity may be improved with the newly added

information of dN/dh and HT .

1. Introduction and motivation

High-resolution near-surface moisture is crucial

to pursue knowledge of convective and boundary

layer processes (Weckwerth et al. 1999; Weckwerth

2000; Sherwood et al. 2010). From numerical model

simulations and data analysis, convection initiation

and quantitative precipitation forecasting are shown

to be sensitive to accurate measurements of mois-

ture and temperature variability at the surface and

in the boundary layer (e.g., Zawadzki et al. 1981;

Crook 1996; Weckwerth et al. 1999). However,

moisture observations at high temporal and spatial

resolutions in the lower boundary layer are not

readily available. The lack of information on moisture

is one of the main limitations of mesoscale short-

term forecasting (Emanuel et al. 1995; Dabberdt and

Schlatter 1996; Fabry and Sun 2010; Hanley et al.

2011).

Fabry et al. (1997) proposed amethod to measure the

refractivity (N) of near-surface air by using weather

radars and fixed ground targets. This approach pro-

vides insight into small-scale low-level horizontal

humidity variations through the retrieved refractivity

map by radars, and it may partially fill the observa-

tional data gap in the lower boundary layer. Re-

fractivity, N5 (n2 1)3 106, is used for convenience to

show the variation of the refractive index (n). Re-

fractivity is a function of pressure P (hPa), temperature

T (K), and water vapor pressure e (hPa). At microwave

frequencies, the empirical approximation of refractiv-

ity is (Smith and Weintraub 1953)
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Refractivity is more sensitive to moisture variation; for

example, changes of 18C in temperature or 0.2 hPa in

vapor pressure (e.g., 0.28C in dewpoint temperature at

188C) result in 1 unit of refractivity change. Fabry (2006)

further noted that the variation of water vapor is the

main source of the spatial variability of refractivity in

summerlike conditions.

Comparisons between refractivity measured by the

radar and other instruments in the boundary layer show

high correlations in time and space (Fabry et al. 1997;

Weckwerth et al. 2005; Bodine et al. 2011). Since high-

temporal- (about 5–10min) and high-spatial- (4 km by

4km in the horizontal after smoothing) resolution re-

fractivity retrievals have been obtained, many studies

have demonstrated the potential utility of refractivity

maps for studying near-surface moisture variation as-

sociated with a variety of weather phenomena, such as

convection initiation, convection evolution, and char-

acteristics of the boundary layer (Weckwerth et al. 2005;

Fabry 2006; Buban et al. 2007; Chen et al. 2007; Roberts

et al. 2008; Koch et al. 2008; Besson et al. 2012; Nicol

et al. 2014). Refractivity maps not only provide small-

scale moisture variability particularly in those areas

without a dense mesonet but also show boundaries prior

to the fine line of traditional reflectivity (Weckwerth

et al. 2005; Heinselman et al. 2009; Wakimoto and

Murphey 2010; Bodine et al. 2011). However, the cov-

erage range of refractivity data is about 40–60km, dic-

tated by the topography and radio wave propagation.

The range up to which refractivity data can be collected

is limited; to go beyond, a radar network is needed.

Thus, a networked technique has been developed for

merging multiple X-band radars to extend the coverage

of refractivity observations (Hao et al. 2006; Fritz and

Chandrasekar 2009).

Montmerle et al. (2002) and Sun (2005) assimilated

radar refractivity information to adjust the quantity and

distribution of low-level moisture. The newly added in-

formation not only modified the low-level humidity field

but also changed the spatial variability of moisture,

which enhanced the intensity of the storm, leading to

better quantitative precipitation forecasting. As a result,

the research community has been preparing to assimi-

late the composite refractivity data from operational

radar networks to numerical models in order to improve

short-term forecasting skill (Besson et al. 2012;

Caumont et al. 2013; Gasperoni et al. 2013; Nicol et al.

2013; Nicol and Illingworth 2013; Nicol et al. 2014).

For such quantitative applications, the accuracy of the

refractivity retrieval is important and thus it is critical to

gain more knowledge about the biases and the rep-

resentativeness of the retrieval. Although the quality

of the retrieval has been discussed from different as-

pects and improved in the last decade (Fabry 2004;

Park and Fabry 2010; Besson et al. 2012; Parent du

Chatelet et al. 2012; Caumont et al. 2013; Nicol et al.

2013; Nicol and Illingworth 2013), the unsolved

problem associated with the vertical gradient of re-

fractivity (dN/dh) and uneven target heights (HT)

remains challenging. A consequence of these issues is

the difficulties of assigning a height to the retrieved

refractivity fields and the prominent diurnal period-

icity of the refractivity difference between in situ

observations and the radar estimations (Fabry 2004;

Weckwerth et al. 2005; Bodine et al. 2011). The net

result is that the refractivity retrieval is representa-

tive of conditions over different heights; for example,

it can represent the lower 250m of the boundary layer

when the convective boundary layer is well mixed in

summer daytime conditions but a much shallower

layer in the nighttime (Weckwerth et al. 2005).

The goal of this research is to rethink refractivity re-

trieval to obtain a more accurate near-surface 2D hori-

zontal refractivity map at a given representative height

and additional information on dN/dh. In section 2 the

assumptions in the original method are revisited, and the

refractivity biases associated with theHT and dN/dh are

clarified and quantified. Then, a new method for esti-

mating the representative HT and dN/dh by using echo

strength variations of ground targets is introduced in

section 3. The estimated dN/dh from the radar and tar-

gets is compared with in situ observation in section 4. In

the last section, the improvements and limits of the re-

trieval method are summarized by applying the newly

obtained information.

2. Phase difference and refractivity

a. The basis of radar refractivity retrieval

The concept of radar refractivity retrieval is based on

the varying time ttravel that electromagnetic waves travel

back and forth between the radar and a ground target.

The time is affected by the refractive index along its

propagating path and can be expressed as

t
travel

5 2r
n

c
, (2)

where r is the one-way beam path range from the radar

to the target and c is the speed of light in vacuum. Fabry

et al. (1997) used the phase of a fixed ground target as a

proxy for the time. Given a stable radar transmitter

frequency ( f), the radar-measured phase (f) of a
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stationary point ground target depends on the time

taken by a radar pulse for a two-way path:

f(r)5 2pft
travel

5
4pf

106c

ðr
0

N(r0, t) dr0. (3)

The observed phase largely exceeds 2p, while the

phase measurement is aliased within6p. To mitigate

somewhat this problem of phase aliasing, the phase

difference (Df) of a stationary ground target

between a scan at time t and at a reference time tref
can provide the information of the path-averaged

refractivity variation:

Df5f
t
2f

tref
5

4pf

106c

ðr
0

[N(r0, t)2N(r0, t
ref
)] dr0 . (4)

The reference phase (ftref
) is determined, while the

refractivity field is assumed to be nearly horizontally

uniform with a known refractivity at tref , which is

usually during or after stratiform rain in windy and

cool conditions. Based on (4), the average change of

refractivity along the beam path, DN5N(t)2N(tref),

can be derived from the radial gradient of phase dif-

ference, dDf/dr. From these measurements, small-

scale variations of refractivity among the reliable

fixed ground targets can be estimated from the slope of

phase difference between the neighboring target pairs.

For example, the local refractivity variation between

targets T1 and T2 on the same azimuth is proportional

to the gradient of the phase difference between these

targets, (DfT2
2DfT1

)/(rT2
2 rT1

). Consequently, the

refractivity value can be obtained by adding the re-

fractivity change field to the known reference

refractivity field.

b. Revisiting the assumptions and unsolved problems

The accuracy of retrieved refractivity critically de-

pends on the quality of the phase differences of reliable

ground targets. Phase differences caused by reasons

other than the real atmospheric refractivity variations

lead to noisiness in Df fields and bias in the refractivity

retrievals. Therefore, quantifying the noise in Df in-

troduced by different sources of uncertainties will en-

able improvements to the current retrieval algorithm.

Possible sources leading to poorer refractivity esti-

mates are discussed in many works and fall into the

following three categories: 1) target uncertainty in its

stability, height, and location (Fabry et al. 1997; Fabry

2004; Besson et al. 2012; Nicol and Illingworth 2013;

Nicol et al. 2013); 2) propagation conditions associated

with dN/dh and height difference between the radar

and ground targets (Fabry 2004; Park and Fabry 2010;

Bodine et al. 2011); and 3) drifts in the transmitter

frequency (Parent du Chatelet et al. 2012; Nicol et al.

2013). Here, the focus is on the most basic unsolved

part: the effects of atmospheric propagation conditions

and the height differences between the radar and the

targets.

The simplistic assumptions that were originally made

by Fabry et al. (1997) to obtain a 2D refractivity field are

as follows: 1) the heights of selected targets and the ra-

dar antenna height are identical (HT 5 HR); 2) the

earth’s curvature is neglected; or alternatively, dN/dh

is 2157 km21 everywhere; and 3) the reference re-

fractivity map is uniform and constant. Yet, these con-

ditions are generally not realistic: real targets are at

various heights, such as on hilly terrain or in an urban

area, while dN/dh evolves diurnally and changes signif-

icantly with weather conditions, affecting the propaga-

tion of radar beam path and r. Consequently, r cannot be

considered constant.

As a result, since targets are at different heights

under varying dN/dh conditions, the field of mea-

sured phase difference between nearby pairs of tar-

gets is noisy. A noisy phase difference field makes

dealiasing and the estimation of small-area radial

gradients of Dfmore difficult, lowering the quality of

the refractivity retrieval, particularly for short-

wavelength radars and for targets at far ranges. To

limit this problem, in postprocessing, the noisy phase

differences are generally smoothed by either a pyra-

midal weighting function over a 4 km by 4 km area

or a least squares fit (Fabry 2004; Hao et al. 2006;

Nicol et al. 2013). The smoothing process washes out

the unrealistic sudden local refractivity change due to

the noisy Df problem. Caumont et al. (2013) also

suggested a new weighting parameter for extracting

meaningful signal and smoothing the noisiness

of retrieved refractivity change. Nonetheless, the

smoothing process reduces the spatial resolution of

the data and does not fully resolve the incorrect

physical biases introduced by dN/dh and target height

variability.

c. Reinterpretation of the measured Df

The observed phase is affected by the horizontal and

vertical variations of refractivity along the radar beam

path from the radar to the ground target. Park and

Fabry (2010) developed a simulator to explore the

observed noisy phase difference by considering the

temporal change of vertical variation of refractivity and

the height difference between targets and the radar.

The temporal phase difference of a point target at t and

tref is expressed as

MAY 2016 FENG ET AL . 991

Brought to you by MCGILL UNIVERSITY LIBRARIES | Unauthenticated | Downloaded 05/17/21 02:00 PM UTC



Df5
4pf

106c

8<
:N(t)r2N(t

ref
)r

ref|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
(i)

1 (H
T
2H

R
)

"
dN

dh

r

2
2

�
dN

dh

�
ref

r
ref

2

#
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

(ii)

2

"
dN

dh

 
11 (a1H

R
)
1

106

�
dN

dh

�
12(a1H

R
)

!
r3 2

�
dN

dh

�
ref

 11 (a1H
R
)
1

106

�
dN

dh

�
ref

12(a1H
R
)

!
r3ref

#
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(iii)

9>>>>>>=
>>>>>>;
, (5)

with a being the radius of the earth, and HT and HR

being the representative heights of the target and the

radar above sea level, respectively. The phase change in

time of a ground target records the information of (i) the

change of refractivity in the horizontal at the radar

height, (ii) the change of refractivity with height asso-

ciated with the height difference between the radar and

the target, and (iii) the ray curvature relative to the

curvature of the earth. This equation theoretically de-

scribes the causes of measured Df, assuming a single

homogeneous dN/dh at a particular time. It illustrates

that the phase varies not only as a result of refractivity

change along the path but also because the path range

(r) to the target changes when dN/dh varies. If dN/dh

varies along the beam path, then there is no simple analytic

formulation for Df, and the contribution of the changing

trajectory to Df must be determined by iterations.

Furthermore, the path range is affected by the atmo-

spheric propagation condition and the location of the

target, and can be expressed as (Park and Fabry 2010)

r5

����dndh
����21

cos21

"
12

C

�
dn

dh

�2

2

#
, with (6)

C5 (a1H
R
)2 1 (a1H

T
)2

2 2(a1H
R
)(a1H

T
) cos

"
D

(a1H
R
)

#
,

where D is the arc distance to the target at the radar

height parallel to the sea level surface. Recall that dn/dh

equals 1026dN/dh. The path range hence varies with

dN/dh and also depends on the varying height and dis-

tance of targets, making (5) more complicated than (4),

which was used previously.

To further clarify the causes ofDf in (5),we separate r into

three terms: the arc distance (D) to the target at the radar

height; the range variation Dr1 resulting from the height

difference betweenHT andHR given dN/dh52157 km21;

and the range variation Dr2 related to the change in the

path given a change in dN/dh, as well as independent ofHT :

r5D1Dr
1

�
D,H

T
2H

R
,

�
dN

dh

�
2157

�

1Dr
2

�
D,

dN

dh
2

�
dN

dh

�
2157

�
. (7)

FIG. 1. Additional contributions to target ranges caused by target

heights HT and propagation conditions dN/dh (km21). (a) Range

variation Dr1 (cm) as a function of the arc distance D of ground

targets and the height difference between the ground target and the

radar (HT 2HR). (b) Range change Dr2 (cm) caused by dN/dh

changes with respect to dN/dhref 52157 km21.
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Consequently, the range variation can be separated into

the effects of differing target heights and of varying

D(dN/dh). Figure 1 demonstrates that Dr1 is of the order
of tens of centimeters, and Dr2 is typically a few centi-

meters, both sufficient to change the target phase

considerably.

The phase difference in (5) can be revised by

substituting r from (7) and by neglecting small terms of

phase differences using a scale analysis under extreme

conditions (jDfj, 18 at radar frequencies up to X-band

given D up to 50km, D(dN/dh) up to 200 km21, and

HT 2HR up to 100m):

Df5
4pf

106c
3

8>>>>>>>>>>>><
>>>>>>>>>>>>:

D[N(t)2N(t
ref
)]

|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
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1 N(t
ref
)(Dr

2
2Dr

2ref
)

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
(ii) bias: propagation effect (range)
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T
2H
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(iii) bias: target height effect
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12(a1H
R
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(iv) bias: propagation effect (changing beam curvature)

9>>>>>>>>>>>>=
>>>>>>>>>>>>;

(8)

Using (8), the various contributions to the phase change

Df can be discussed and analyzed in greater detail.

The average change of the horizontal refractivity at the

radar height (DNHR
), term (i) in (8), is the original term

from Fabry et al. (1997). The radial gradient of Df of this

term is used to obtain a refractivitymap at the radar height.

In addition, (8) clarifies the misleading concept of the

(i) term in (5), because it represents not only theDNHR
, but

also the range variation Dr2 due to the propagation effect,

term (ii) in (8). The result of the scale analysis also shows

that the effect of range variations associated withHT (Dr1)
can be neglected, becauseDr1 does not changewith dN/dh,

and Df caused by Dr1[N(t)2N(tref)] is smaller than 18.
Furthermore, otherDf terms in (8) caused by the effects of

variable target heights and the vertical gradient of re-

fractivity result in biases of average refractivity along the

FIG. 2. (a) Average refractivity bias Nbias along the beam path due to target height effects as a function of the

height difference between the radar and the target, as well as of the atmospheric vertical refractivity profile dif-

ference D(dN/dh)5 dN/dh2 (dN/dh)ref . This Nbias is calculated based on term (iii) in (8). (b) Nbias related to the

change of the beam trajectory defined as terms (ii) and (iv) in (8) as a function of the distance to the ground target

and dN/dh conditions. Note that this bias also depends on the dN/dhref , set here as2157 km21. (c) TheNbias caused

by the same effect as (b), but with dN/dhref 5240 km21.
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beam path Nbias in the original refractivity retrieval. Term

Nbias can be expressed by (106c/4p)3 (Df/D). If HT and

dN/dh can be retrieved using a yet unspecified method,

then those terms can be accounted for and removed, re-

sulting in a DN field that is related only to the horizontal

variation of refractivity at HR.

The temporal variation of the vertical refractivity

profile is a source of bias for DNHR
. Figure 2a shows the

magnitude of the refractivity bias as a function of the

vertical refractivity profile for targets at different heights

from HR, which is calculated from term (iii) in (8). For

example, when D(dN/dh) changes by 150 km21, the re-

sulting Nbias is 2N-units for a radar and a target 25m

apart in altitude. The term ‘‘N unit’’ expresses the fact

that the change or bias applies to N, not to another

unitless quantity. Moreover, the observed phase is af-

fected by both the beam path range variation (Dr2) and
the varying propagation conditions the radar ray expe-

riences along these changing paths, that is, terms (ii) and

(iv) in (8). Term Nbias due to these propagation effects

is a function of dN/dh, dN/dhref, and the distance to the

targets. Figures 2b and 2c show how Nbias changes

with propagation conditions for dN/dhref of 2157

and 240km21, respectively. For geometry purposes,

dN/dhref 52157 km21 is used to help clarify the many

contributions to range, where Dr2 then corresponds to the

pathlength added by propagation; from themeteorological

point of view, dN/dhref 5240 km21 represents the normal

refraction when the near surface is under well-mixed

conditions and is the dN/dhref usually used in the re-

trieval technique. The magnitudes of Nbias in different

dN/dhref conditions are similar and are all proportional to

the variation of dN/dh and target distance, but they are

relatively smaller than theNbias caused by the height effect

discussed previously. For instance in Fig. 2b, when

D(dN/dh) changes from 2160 to 240km21, Nbias of the

target 25km away from the radar is about 20.4N-units.

d. Noisy Df and local N biases

All of the discussion until now focused on biases in

N averaged between the radar and a target. Finer

resolution of refractivity change is gained from the

phase difference between neighboring targets along

the same azimuth. However, the targets at different

heights or on varying terrain introduce noisiness in

Df and biases in the refractivity estimated from

these Df. The temporally averaged refractivity

change between a target pair, T2 and T1, derived

from the phase difference gradient between targets

is such that
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(v) bias: propagation effect (changing beam curvature)

,

(9)

where DD is the arc distance between the target pair

(DT2
2DT1

) at the radar height. This key equation

clarifies the goal and the problems of the refractivity

retrieval method in more detail and will be used to im-

prove the original refractivity retrieval.

1) N AT A GIVEN HEIGHT ABOVE TERRAIN

To quantitatively interpret and apply the refractivity

retrieval, one generally wants to estimate the refractivity

field at a given height above the terrain. The temporal

change of refractivity between targets combines the 2D

refractivity change at the radar height and the change of

the vertical refractivity difference between the radar and

the average height of targets, which are terms (i) and (ii)

in (9). However, there are some more residual terms of

Df that introduce biases in the refractivity. These sys-

tematic biases are associated with the evolving dN/dh and

the height difference between target pairs. Two aspects of
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biases are discussed and quantified: the effects of the

difference of target heights and the beam trajectory.

Both of these biases are proportional toD(dN/dh) and to

the distance of targets from the radar.

2) LOCAL N BIAS DUE TO TARGET HEIGHT

The measured Df field is biased by the variability of

heights of neighboring ground targets. Even with

small height differences and small dN/dh changes, the

local N bias of refractivity is significant. According

to term (iii) in (9), the magnitude of the bias due to

the target’s height effect can reach tens of N-units

(Fig. 3a). For targets at around 20 km in range and

given D(dN/dh)5 100 km21, a typical summertime

diurnal variation of D(dN/dh), an extra Df5 728 is
measured at S band for targets that are separated by

DH5 10m and DD5 1km. The extra Df consequently

causes a 10N-units bias locally. This large bias reflects how

strongly height differences between targets affect the

local N bias (noisy Df) when dN/dh changes. This is a

serious concern because it is common to have targets or

terrain of varying heights along any given azimuth.

3) LOCAL N BIAS DUE TO THE PROPAGATION

EFFECT

The evolving propagation condition (dN/dh) affects

the pathlength variation and the changing beam cur-

vature relative to the earth’s curvature, as terms (iv)

and (v) show in (9), respectively. Hence, this local

N bias depends on Dr2 and dN/dhref . Figures 3b and 3c

show the similar relationship of local N bias associated

with different dN/dhref, 2157 and 240 km21, respec-

tively. Figure 3b shows that this local refractivity bias

is of the order of 21N-unit in the case of two targets

1 km apart at 20 km with D(dN/dh)5 150 km21. The

local N bias among nearby target pairs is higher com-

pared with the previously discussed averaged bias

along the beam path (Fig. 2b). This is because the

amplification introduced by the computation of range

derivatives of Df results in a larger DN bias.

4) CONSEQUENCES

The biases discussed above show how the data

quality of retrieved refractivity is strongly affected by

the diurnal evolving dN/dh. On the other hand, the

temporal phase difference, say Df5ft130min 2ft, is

less noisy due to a smaller D(dN/dh) within a short time

than the phase differences computed over several days.

A 2D DNmap derived from Df in a short time period is

useful to track the moving boundary of the thermody-

namic variations. For quantitative applications, however,

the N field is easier to interpret and is directly related to

(1). Thus, the problem of noisy Df observed when large

change in dN/dh occurs cannot be entirely avoided.

In addition, the result ofN estimation is very sensitive

to the size of the smoothing window or of the Df re-

gression computation to obtain the slope of DN. A small

smoothing window with a limited number of targets

FIG. 3. (a) Local refractivity bias due to the effect of the height difference between a pair of neighboring ground

targets (T1 and T2) 10m apart in height and 1 km apart in distance. This bias is calculated from term (iii) in (9) as

a function of distance of T1 and D(dN/dh). (b) Local N bias associated with the beam propagation effect, which

causes pathlength variations and beam curvature changes, i.e., terms (iv) and (v) in (9), respectively. Note this local

N bias is calculated when N/dhref 52157 km–1. (c) As in (b), but with dN/dhref 5240 km21.
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causes larger uncertainty due to fewer constraints. If a

small window containing noisy Df is selected, the DN
computed will have a radial wavy pattern and the re-

sulting bias of DN easily becomes larger, roughly pro-

portional to (DD)23/2. On the contrary, if the smoothing

window is too large, then the small spatial structure ofN

is smoothed out. The smoothing window should be de-

termined considering the variability of Df, which is re-

lated to the variability of target heights, the small-scale

horizontal variation ofN, azimuth alignments of targets,

and the number of targets available. The setup of the

smoothing window and the representative spatial reso-

lution of N estimates is a problem that deserves a more

thorough study than can be done here.

Previous work uses smoothing to reduce the noisy Df
between neighboring targets in order to obtain a reason-

able refractivity field, only mitigating part of the problem.

The goal of obtaining a refractivity map at a given known

height requires accounting for biases due to propagation

conditions and target heights. However, the lack of

knowledge about dN/dh and HT makes this problem

challenging. Therefore, in the following section, an as-

sessment ofD(dN/dh) andHT will bemade using the other

radar measurements—power variations with elevation.

3. Extracting dN/dh information from returned
power

a. Concept of a pointlike target

Using the returned power (P) of a point target at mul-

tiple low antenna-scanning elevations (u) takes advantage

of the radar antenna beam pattern. The linear antenna

gain function can be approximated by a Gaussian shape

(Probert-Jones 1962).When the radar scans across a point

target, the relative returned power at each antenna ele-

vation, P(u), with respect to the maximum power return

(Po) at the representative elevation (uo) should mimic the

radar beam pattern such that

P(u)

P
o

5 exp

"
2(u2 u

o
)2

2s2

#
. (10)

The standard deviation (s) of theGaussian distribution is

related to the 6-dB antenna beamwidth equal to

2s
ffiffiffiffiffiffiffiffiffiffi
2 ln4

p
. The uo is the one that results in the center of

the main beam traveling from the radar to the given

ground target. The received power changes at a rate that

depends on the relative angle off the center of the main

beam (u2 uo). Figure 4a illustrates that the observed

reflectivity from a target at successive scanning elevations

can be fitted with the known radar beam pattern. The uo
associated with the target’s position is consequently

identified as the maximum returned power, which occurs

at 0.148 for the target considered in Fig. 4a.

A point target can be identified by fitting the re-

ceived powers at successive antenna elevations P(u)

with the radar beam pattern. This process is identical

but reversed from past studies that used point targets

to determine antenna properties (e.g., Rinehart and

Tuttle 1981; Rinehart and Frush 1983). However, di-

rect interpretation of returned power is complicated

due to the unknown size, number, position, etc., of

ground target(s) within a resolved volume. Thus,

targets with P(u) similar to the antenna pattern in-

dicate only their ‘‘pointlike’’ behavior, as opposed to

more complex patterns that would be expected from

extended targets.

FIG. 4. (a) Power pattern of a selected ground target as a func-

tion of antenna elevation. The target is located at the 2408 azimuth

and the 228th gate. Black dots show the reflectivity measured at

multiple antenna elevations. These measurements are fitted with

a Gaussian function of the width of the antenna beam (red line

with circles). The noisy reflectivity near u5 1.58 is due to the null

of the antenna. This particular example was chosen because it is

a rare case where the center of the main beam is observed; for

most targets, only one side of the main lobe is observed. (b) First-

order derivative of the reflectivity pattern in (a) with respect to

elevation u showing the linearity of DP/Du with u. The red line

illustrates the results of a linear regression through the data as-

suming a slope derived from the Gaussian antenna beam pattern

as in (a).
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A simpler method is further proposed to effectively

investigate the pointlike property of targets based on

the parabolic shape of P(u) on a logarithmic scale. The

first-order derivative of the logarithmic P(u) function

within the main beam is linear with a constant slope

determined by the antenna beamwidth (Fig. 4b). The

power difference between two elevation angles de-

creases linearly with averaged antenna elevations.

Meanwhile, this linear fitting method can be used to

determine uo where the power difference is zero. Note

that 1) the linear approximation is valid only in the

main lobe, and 2) any deviation from the expected

slope in the main beam indicates that the targets are

either point targets with saturated power or not pointlike

targets.

b. Using echo power at multiple elevations

How can the power measurements of pointlike targets

be applied to retrieve further information for improving

refractivity retrieval? The representative elevation uo
links the observed power and the behavior of the beam

path from the radar to the target under a particular at-

mospheric propagation condition. It is a function of the

location of the targets (D,HT) and the vertical gradient

of refractivity (dN/dh):

u
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dh
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5 tan21
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where ae 5 a/[11 (a/106)(dN/dh)] is the effective earth’s

radius associated with a given dN/dh.

Figure 5a shows the varying uo of targets at differentD

and HT under a series of dN/dh conditions. For a given

pointlike target, uo decreases with increasing dN/dh. At

closer range, uo is more sensitive to differences in HT ,

with changes in uo caused by varying dN/dh being small

compared to those associated with varying heights. But

at further ranges, uo is more sensitive to changes in

dN/dh. Furthermore, the variation of uo at given

D(dN/dh) depends only onD, not onHT . Hence, Fig. 5b

shows the change of uo as a function of D(dN/dh) andD,

and it illustrates that uo changes more at greater dis-

tances. Although uo provides constraints on HT and

dN/dh, it is still an underdetermined problem. Are there

any glimmers of hope to estimate these two variables or

at least one of them?

FIG. 5. (a) Representative elevation uo (8) of ground targets at different distanceD and height

HT as a function of dN/dh conditions. At closer ranges, uo is more sensitive to differences in

target heights; at farther ranges, it decreases more with changes in dN/dh. (b) Variation of the

representative elevation Duo as a function of D and D(dN/dh).

MAY 2016 FENG ET AL . 997

Brought to you by MCGILL UNIVERSITY LIBRARIES | Unauthenticated | Downloaded 05/17/21 02:00 PM UTC



1) ESTIMATING HT

Based on the concept of the radar beam height

equation in Doviak and Zrnić (1993), the power-

weighted height of a point target can be estimated as

H
T
5 a

e

2
4 cos(u

o
)

cos

�
u
o
1

D

a
e

�2 1

3
5 , (12)

where HT can be obtained with known D and ob-

served uo, but dN/dh and ae are still unknown. The

dN/dh is more predictable in a well-mixed lower

boundary layer during the afternoon, and it is ex-

pected to be between 240 and 220 km21. For exam-

ple, by using (12), if targets are located at 20 and

40 km from the radar, then a 10 km21 uncertainty of

dN/dh would lead to a 2- and 8-m error in HT , re-

spectively, and a 0.018 observation bias in uo causes a

3.5- and 7-m error in HT , respectively. Thus, the es-

timation of HT will have higher uncertainty at farther

distances. A very accurate uo to a hundredth of a de-

gree is required for height estimation. In reality, there

are only a few targets for which this method can be

used because the returned powers of most targets at

lower elevations and close range are saturated, lead-

ing to wrong uo estimates.

2) ESTIMATING dN/dh

If HT can be determined well enough, then dN/dh

may be obtained from the temporal variation of uo of

selected targets based on (11). Although HT is un-

known, it can be estimated with reasonable accuracy

by using terrain height and adding an estimated av-

erage height above the terrain. In rural areas, most of

the ground targets are usually at a few meters above

the terrain. Experience suggests that the mean and the

standard deviation of target heights above the ter-

rain is about 10m (Park and Fabry 2010) and maybe

twice that in urban areas away from downtown cores.

Therefore, terrain provides useful information to ap-

proximate the relative HT variation among ground

targets. Moreover, a sensitivity test of uncertainty of

HT and uo on dN/dh estimation is examined based on

(11) and (12). A 10-m uncertainty on HT causes a

dN/dh estimation error of 12.5 km21 at 40 km but a

50.6km21 error at 20km in range. A 0.01 degree uncer-

tainty in uo results in a 17.5 and 8.7km21 error in dN/dh

estimation for a target at 20 and 40 km, respectively.

High accuracy of observed uo is still required. Targets

at far ranges remaining well within the main lobe of

the antenna under all propagation conditions are hence

optimal for estimating dN/dh because more variation

of uo occurs at far range than at close range for the same

D(dN/dh) (Fig. 5a).

3) NORMALIZED dN/dh FROM P(u2)2P(u1)

For operational radars, it is not practical to execute

many low-elevation scans to obtain uo for dN/dh esti-

mation. Hence, an alternative algorithm using only two

low elevations is developed. The uo of a pointlike ground

target in the main lobe can be estimated from the ob-

served power difference (dB) at two elevations,

DP5P(u2)2P(u1) given u2 . u1, as

u
o
5

2s2 ln10DP/10 1 u22 2 u21
2(u

2
2 u

1
)

. (13)

For a given pointlike target, uo decreases linearly with

increasing dN/dh (Fig. 5a). Based on the linearity of the

first-order derivative of P(u), DP changes linearly with

uo and dN/dh. Thus, DP can be used to retrieve dN/dh

quantitatively.

Nevertheless, DP is not identical for different

ground targets even under a given dN/dh, as it also

depends on HT and D. An assumption of spatially

constant dN/dh is made. For each target, the two

extreme opposite DP are selected as references,

DPdN/dhmax
and DPdN/dhmin

occurring at the maximum

and the minimum dN/dh, respectively, during a time

period of few days. Thus, the relative dN/dh change

among targets during that time period can be nor-

malized as

dN

dh
2

dN

dhmax

dN

dhmin
2

dN

dhmax

5
DP2DP

dN/dhmax

DP
dN/dhmin

2DP
dN/dhmax

. (14)

The normalized dN/dh can be estimated by the

power difference between the two lowest elevations

of surveillance scans for operational radars. Conse-

quently, by combining with the two different dN/dh

values obtained from the calibration scans, the dN/dh

value in real time can be readily available. Given that

(9) uses true dN/dh, the temporal qualitative varia-

tion of normalized dN/dh derived from (14) still

provides valuable information as a quick quality

check index of retrieved refractivity associated with

dN/dh.

4. Validation of dN/dh retrievals

a. Data

The newmethod of dN/dh estimation is applied to the

National Center for Atmospheric Research (NCAR)
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S-band radar (S-Pol) in Colorado. The estimated dN/dh

by the radar is compared with the in situ observation

from the Boulder Atmospheric Observatory (BAO)

tower close to the S-Pol radar (Fig. 6). The center of the

antenna of the S-Pol radar is about 12m above the

ground and the antenna beamwidth is 0.928. Two special

scanning strategies were conducted in this experiment.

The first was to obtain the properties of ground targets

and to select suitable pointlike targets. Successive low-

elevation scans from 20.28 to 28 in 0.18 intervals were
collected on a clear windy afternoon from 1907 to

2242 UTC 27 January 2015. The second stage aimed to

capture the signal of diurnal dN/dh variation lasting

for a few clear days from 2137 UTC 20 March to

1427 UTC 23 March 2015. Scans at the following six el-

evations were collected: 08, 0.48, 0.68, 0.88, 1.08, and 1.28.
Ground targets are first distinguished from weather

and other signals using the following criteria: The av-

erage returned power at 0.38 and 0.68 elevations during
the first experiment are higher than 25dBZ, and the

standard deviation of the power at each elevation over

the 4h of the first data experiment is less than 1.5 dB to

ensure the stability of power returns; the average clutter

phase alignment (CPA; Hubbert et al. 2009) is higher

than 0.85 and its standard deviation is smaller than 0.03.

High CPA implies that phase and power are consistent

within the resolved volume. In addition, the pointlike

nature of the target is checked by fitting a line through

the first-order derivative of P(u) within the main beam

and comparing it with the slope expected from the an-

tenna beam pattern: The slope associated with the S-Pol

radar antenna is 256.9 (dB deg22), and the slope of the

targets should be within the range256.96 3 (dB deg22)

to be declared pointlike. The number of ground targets

in the selected area (2108–2408 in azimuth, 20–40 km)

meeting the criterion of having stable power returns is

315, 75 of those further meeting the pointlike target

criterion. The final selected pointlike targets are gen-

erally at elevations less than 300m above the radar

(Fig. 6).

The BAO tower (NOAA 2015) collects near-surface

atmospheric basic variables: temperature, relative hu-

midity, and wind every minute at 10-, 100-, and 300-m

height above the ground. Only surface pressure is

measured, and the pressure at other elevations is de-

rived from the hydrostatic equation. The refractivity

value at each level is calculated based on (1). The ver-

tical profile of refractivity between different heights is

obtained as an in situ observation for comparison.

b. dN/dh estimation from selected targets

An example of a selected pointlike target illustrates

how to use echo powers to estimate dN/dh (Figs. 7 and 8).

Figure 7 shows the variation of P(u) and the first de-

rivative of P(u) for nearly 3 days in the second experi-

ment. As dN/dh becomes more negative, the patterns of

P(u) and uo shift to a higher elevation. This occurs be-

cause the beam path at a given antenna elevation u bends

more toward the ground under superrefraction condi-

tions; thus, it requires a beamwith a higher uo than under

normal propagation conditions to reach the target. The

time series of P(u), DP, and uo (Figs. 8a–c) show similar

diurnal variations: decreasing during the day but in-

creasing during the night. A sudden drop of uo in the

nighttime (28th–35th h) occurs due to a frontal passage

(Fig. 8c). Finally, DP can be normalized between 0 and

1, corresponding to the minimum and maximum of

dN/dh, respectively, during this time period (Fig. 8d). The

observed returned reflectivity,DP, and uo are all negatively
correlated with dN/dh. The relative dN/dh physically

represents the near-surface mixing conditions: relatively

higher dN/dh occurring during daytime due to the

well-mixed boundary layer. In addition, this normalized

dN/dh helps quickly integrate the D(dN/dh) from many

selected targets at different heights and distance even

although their DP and uo are different.

An ensemble of ground targets is used to estimate an

average dN/dh. Finding more than one pointlike target

increases confidence in the dN/dh estimation, because it

might reduce the uncertainties in guessing of HT and

biasing estimated uo. Figure 9a illustrates the similar

diurnal trend of uo among selected targets. The different

magnitudes of uo are due to the different distances and

FIG. 6. Map of height difference (m) between the terrain and the

S-Pol radar (located in the center of the range rings). The gray lines

show the azimuth angles at 308 intervals relative to the S-Pol radar,

and the rings are in 10-km range intervals away from the radar. The

BAO tower is shown as a red dot at 229.58 in azimuth and 12.56 km

away from the radar. The yellow dots are the selected ground

targets for dN/dh estimation.

MAY 2016 FENG ET AL . 999

Brought to you by MCGILL UNIVERSITY LIBRARIES | Unauthenticated | Downloaded 05/17/21 02:00 PM UTC



heights of individual ground targets. Based on the linear

relationship between uo and dN/dh, the average ob-

served uo from an ensemble of targets, uoTargets, is able to

represent the average dN/dh. Then, uo(dN/dh)guess, the

average uo from the selected targets under a wide range

of dN/dh conditions, is calculated based on (11). The

target heights here are approximated as the terrain

height plus an assumed target height of 10m above the

surface, that is, HTguess 5Hterrain 1 10 m. The estimated

dN/dh from the radar and targets, dN/dhRadar, is de-

termined from the minimum absolute difference be-

tween uoTargets and uo(dN/dh)guess. Note that a mean bias

in target heights of 5m in this case will lead to a rela-

tively small dN/dh estimation bias of 5–10km21.

c. Radar–tower comparison of dN/dh

The estimated dN/dhRadar is consistent with the dN/dh

measurement between 10 and 100m of the BAO tower

(Fig. 9b), although there is a difference of dN/dh in

magnitude between these two datasets. The correlation

coefficient between the estimated and observed dN/dh is

above 0.8 (Fig. 10). Moreover, there is a correlation

coefficient greater than 0.9 between dN/dh from the

BAO tower and relative dN/dh derived from DP for any

combination of antenna elevation angles within the an-

tenna main beam.

The discrepancy of dN/dh estimation between the

radar estimation and the BAO tower requires further

discussions. The first point to consider is the data quality

of measured power of targets. The power of a ground

target at a given elevation usually fluctuates (Fig. 8a),

which produces noisier DP and more uncertainties in uo.

Fluctuations in returned power of ground targets occur

due to a variety of causes, from scintillation to slight

changes in target shape. Then, the atmosphere is not

horizontally homogeneous. Furthermore, some radars

might have a position pointing bias and the accuracy of

the reading of the antenna elevations needs to be con-

sidered. Though the difference in elevation might be

small, it can lead to a large difference in the power

considering the parabolic shape of the antenna pattern,

and it may lower the accuracy of uo estimations to

which dN/dh estimations are sensitive. Here, the av-

erage difference uo between the radar estimation and

the known dN/dh from the BAO tower is calculated to

estimate the bias in antenna elevation reporting. This

calculation suggests a pointing bias of approximated

0.038 that can be used to obtain a new corrected dN/dh

(light blue line in Fig. 9b) that better matches obser-

vations. But overall, the diurnal trend still dominates

and can be retrieved despite all other sources of power

fluctuations.

In addition, differences in measurement representa-

tiveness might explain the discrepancies in dN/dh. The

BAO tower is a single-point observation, but the esti-

mation from ground targets is the averaged result of a

nearby area. Furthermore, the representative heights are

different: the dN/dh from the BAO tower is the re-

fractivity difference between 10 and 100m above the

ground, but the dN/dh radar estimates are much closer to

the ground. In particular, the large nighttime negative

dN/dh might appear earlier and be stronger in layers

close to the ground than in the higher tower observa-

tions, due to the gradual buildup of the inversion.

Furthermore, dN/dh has more variability at night as

previously shown by in situ observation or radar esti-

mations (Fig. 9).

Finally, the power of a given pixel is not only affected by

the beam propagation condition (dN/dh) but also by some

partial beam blockage by ground obstacles in front of the

targets and the complexity (number, combination) of the

ground targets within the resolved volume. In addition,

interference between different elements of a complex

FIG. 7. Returned power variation of the selected target of Fig. 4

for 3 days. (a) Reflectivity observed at multiple radar elevations

under a variety of conditions (gray dots). The colored dots high-

light two specific dN/dh conditions: one in normal condition

(dN/dh5225 km21, blue) and one in superrefraction condition

(dN/dh5292 km21, magenta). (b) First-order derivative of power

vs antenna elevation. Colored dots are as in (a).
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target could be mainly destructive under some dN/dh

conditions, leading to an unexpectedly decreasing re-

turnedpower during superrefraction or ducting conditions.

In summary, power measurements at successive low

elevations can be used to qualitatively describe the di-

urnal dN/dh variation, which is key to improving re-

fractivity retrieval based on (9). Moreover, the promising

result of dN/dh estimation might be applied to opera-

tional radars and provide real-time information on near-

surface beam propagation conditions, which affects the

data quality of quantitative precipitation estimation,

ground clutter elimination, and other applications.

5. Concluding remarks

Variable target heights and changing dN/dh affect

and bias refractivity retrievals obtained by radar: first,

targets are at different heights, and their information is

harder to combine; then, propagation changes, as a

result of which the trajectory of the radar beam to the

target changes, along with refractivity sampled along

the way. To mitigate these issues, we must seek to

retrieve a map of refractivity at a constant height above

terrain. Achieving this requires first obtaining a 2D

refractivity map at the height of the radar and then

combining it with an altitude correction that depends

on target heights and dN/dh. Enabling this vision

forced us to rethink the information that can be ob-

tained by radar for each target.

Using a theoretical reanalysis of the equation of the

returned phase of a target, the representativeness of the

measured phase and of the retrieved refractivity are

clarified, and the systematic refractivity biases are

quantified and shown to be related to the effect of HT

FIG. 8. Illustrations of how dN/dh is retrieved for the target selected in Fig. 4. (a) Temporal

series of power returned (dBZ) from the target for the radar antenna elevation angles at 08, 0.48,
and 0.88. The gray shading indicates the nighttime after sunset until the next sunrise. (b) Power

difference DP between two elevations in time smoothed using a 1-h running average. The blue

line showsDP1 5P0.48 2P0.08 and the yellow line isDP2 5P0:88 2P0:48 . (c) Representative target-

center elevation uo obtained from the radar and the BAO tower based on (13). (d) Normalized

dN/dh in this experiment period ranging between one (the maximum dN/dh) and zero (the

minimum dN/dh). The blue line is derived from DP1, while the red line shows the normalized

dN/dh between 10 and 100m derived using data from the BAO tower.
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and of the changing trajectory with changes in dN/dh.

Temporal biases of N over the whole domain may

arise as a result of the evolving dN/dh associated with

the near-surface layer mixing conditions; biases of

refractivity over very short pathlengths occur due to the

variability of heights of ground targets. Taking these

biases and errors into account can also help reduce the

noisiness of phase measurements and also help mitigate

theDf unfolding problem.Despite these improvements,

some noise in the Df field remains due to unknown

target heights and the intrinsic complexity of ground

targets. As a result, it is still necessary to smooth or do

regression on the corrected Df field with a reasonable

window in order to estimate the gradient of Df and the

small-scale refractivity variations.

A practical method to estimate dN/dh andHT is then

proposed. It is based on the concept that the power re-

turned by a point target at successive antenna elevations

can be described by the antenna beam pattern. Since

both the power and phase of a stationary target record

the evolving atmospheric conditions that the radar beam

travels through, the difference in returned power at two

given elevations and the elevation of peak power of

selected pointlike targets evolve linearly with dN/dh. An

ensemble of pointlike targets is used to estimate an av-

erage dN/dh, which shows promising and consistent

trends when comparedwith the in situ observation of the

BAO tower. Information on dN/dh might be obtained

from numerical weather model output or in situ tower

observation. However, there are often quantitative dif-

ferences in dN/dh betweenmodel output and in situ data

that might be related to uncertainties in boundary layer

processes in model simulations. In situ tower observa-

tions are helpful, but they are not readily available for

most radar sites. Hence, the new method of dN/dh es-

timation is encouraged to be applied to operational ra-

dars. Furthermore, a theoretical method to estimate the

power-weighted height of the target is developed, but

there are some practical problems in obtaining theHT of

all ground targets. Although the height of most targets

remains unknown and challenging to obtain, terrain can

be used as a useful proxy to describe the height differ-

ence between targets. In addition, the assigned height

above the terrain should be set reasonably and consider

the practical conditions of target heights; here, 10m

above the terrain is used for rural areas.

Using this new theoretical basis, the magnitude of

systematic biases in refractivity retrievals can be re-

duced by including the effects of terrain and target

height. To make this possible, a new step-by-step pro-

cessing to retrieve N based on these results should be

as follows: 1) determine HT based on the terrain;

FIG. 9. (a) Time series of uo from the selected pointlike targets

shown in gray lines. The blue line with circles is the hourly average

uo among ground targets. The red line with crosses is the average uo
calculated based on the dN/dh from the BAO tower, as well as D

and HT of selected targets. The gray shaded periods represent the

nighttime as mentioned in Fig. 8. (b) Time evolution of dN/dh of

the BAO tower (red line) and of the radar estimation (blue line

with circles). The light blue line shows the corrected radar esti-

mation dN/dh considering a 0.038 pointing angle correction of the

antenna.

FIG. 10. Correlation coefficients between the time series of

dN/dh estimated from the BAO tower and derived from power

differences at given antenna elevations of S-Pol (blue dots). Red

triangles show the correlation between the relative dN/dh of S-Pol

and of the BAO tower.
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2) measure Nref and (dN/dh)ref in known N and dN/dh

conditions; 3) in real time, use echo power at different

elevations to determine dN/dh; and, 4) use (9) to re-

trieve N at a desired altitude.
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