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Tropospheric and stratospheric momentum 'ux measurements
from radar wind data collected at Jicamarca
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Abstract

Tropospheric and stratospheric radar wind data obtained at Jicamarca, Per5u (11:95◦S, 76:87◦W) during August 17–26,
1998 have been used to estimate the momentum 'ux of short-period (T ¡ 2 h) wind 'uctuations together with the estimation
uncertainties. As a result of our study we conclude that momentum 'ux estimates exceeding the measurement uncertainties
can be obtained after about one day of integration.
c© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

This paper describes an e:ort to measure the momen-
tum 'ux associated with tropospheric and stratospheric wind
'uctuations using radar wind data collected by the 50 MHz
radar at Jicamarca Radio Observatory (11:95◦S; 76:87◦W)
located near Lima, Per5u. Wind measurements were collected
at Jicamarca during August 17–26, 1998 using a four beam
radar con=guration that allowed the estimation of the u, v,
and w vector components of the winds with 1-min time reso-
lution. More details on the measurement campaign are given
in Riggin et al. (2002). The u, v, and w data were high-pass
=ltered and subsequently processed to estimate the momen-
tum 'uxes (per unit mass) 〈uw〉 and 〈vw〉 and their estima-
tion errors. The study was motivated by recent papers by
Kudeki and Franke (1998) and Thorsen et al. (2000), con-
cerning statistical errors in radar momentum 'ux estimation.
The goal of the experiment was to conduct a careful error
analysis and test whether momentum 'ux estimates could
be obtained that exceed the error bars.

This paper deals with two categories of error that we will
refer to as instrumental error and geophysical error. The
instrumental error can be described as the total error due to
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defects in the measurement. In contrast, geophysical error is
present for a perfect anemometer, and can be described as
the statistical uncertainty in characterizing a distribution of
values with a =nite averaging time. Hasebe et al. (1997) uses
the term “observational errors” for these uncertainties, while
Kudeki and Franke (1998) refers to them as “measurement
errors.” This source of noise comes largely from the waves
themselves, and can be described as 'uctuations which are
not representative of the actual gravity wave =eld that one is
attempting to quantify over the averaging period. The error
bars that we will estimate will include the combined e:ects
of both instrumental errors and geophysical noise.

The wind and momentum 'ux estimators used in this
study and the details of our error analysis procedure are
described in Section 2. The experimental results, including
the estimated momentum 'ux altitude pro=les, are presented
in Section 3. Finally, Section 4 discusses the results.

2. Momentum �ux estimator and its variance

The Jicamarca radar momentum 'ux estimates are de-
rived from radial velocity data obtained with narrow radar
beams pointed � ≈ 2:5◦ o:-zenith in the east, west,
north, and south directions, respectively. Let r̃′n+ and
r̃′n−, n∈ [0; N − 1], denote one-minute resolution radial

1364-6826/$ - see front matter c© 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jastp.2003.10.004

mailto:riggin@colorado-research.com


278 D.M. Riggin et al. / Journal of Atmospheric and Solar-Terrestrial Physics 66 (2004) 277–283

velocity estimates extracted from two coplanar Jicamarca
radar beams (e.g., east and west pointed). These radial
velocity estimates were obtained by =tting the loga-
rithm of one-minute integrated Doppler spectra of the
east and west beam signal returns with frequency-shifted
generalized-Gaussian functions. Radial velocity estimates
obtained with this procedure will in general contain
zero-mean errors, �r′n±, due to statistical 'uctuations of the
spectral data =tted to the generalized-Gaussian model. Thus,

r̃′n± ≡ r′n± + �r′n±;

where �r′n± will be referred to as instrumental error or in-
strumental noise from hereon. Estimates of the rms values
of �r′n± were obtained as a by-product of the spectral =tting
procedure.

Using the radial velocity data r̃′n±, n∈ [0; N − 1], from
an east–west beam pair, unbiased estimates of the wind
momentum 'ux (per unit mass) 〈uw〉 can be obtained by
using the estimator

C̃ ≡ 1
N

N−1∑
n=0

r̃2n+ − r̃2n−
2 sin 2�

(1)

(e.g., Vincent and Reid, 1983), provided that the instru-
mental error variances 〈�r2n+〉 and 〈�r2n−〉 are equal (e.g.,
Worthington and Thomas, 1996) and also provided that the
'uctuations in u and w have stationary and horizontally
homogeneous statistics. In practice, the summation over n
in Eq. (1) represents a summation over time. The same
momentum 'ux estimator (1) can also be written as

C̃ =
1
N

N−1∑
n=0

ũ nw̃n (2)

with

ũ n ≡ r̃′n+ − r̃′n−
2 sin �

(3)

and

w̃n ≡ r̃′n+ + r̃′n−
2 cos �

; (4)

denoting the standard estimators for wind components u and
w used with dual beam radar data.

Since the momentum 'ux estimator (2) is unbiased,
〈C̃〉= C, and, consequently the estimator variance is

�C2 ≡ 〈(C̃ − 〈C̃〉)2〉= 〈(C̃ − C)2〉= 〈C̃2〉 − C2: (5)

Using (2) it follows that

�C2 =
1
N 2

N−1∑
n=0

N−1∑
m=0

〈ũ nw̃nũmw̃m〉 − C2: (6)

To expand the =rst term on the right-hand side of Eq. (6) we
use the identity 〈abcd〉 = 〈ab〉〈cd〉 + 〈ac〉〈bd〉 + 〈ad〉〈bc〉
which is valid for all zero-mean Gaussian random variables
a, b, c, and d (e.g., Helstrom, 1991). Thus, assuming that

ũ n and w̃n are zero-mean Gaussian random variables,

〈ũ nw̃nũmw̃m〉= 〈ũ nw̃n〉〈ũ mw̃m〉+ 〈ũ nũm〉〈w̃nw̃m〉
+〈ũ nw̃m〉〈w̃nũm〉 (7)

in which case

�C2 =
1
N 2

N−1∑
n=0

N−1∑
m=0

{〈ũ nũm〉〈w̃nw̃m〉+ 〈ũ nw̃m〉〈w̃nũm〉}; (8)

since 〈ũ nw̃n〉〈ũ mw̃m〉=〈uw〉2=C2. Finally, since stationarity
has been assumed, 〈ũ nũm〉 ≡ Rũ(m−n), 〈w̃nw̃m〉 ≡ Rw̃(m−
n), and 〈ũ nw̃m〉 ≡ Rũw̃(m − n), and therefore (Oppenheim
et al., 1999), for p= m− n,

�C2 =
1
N

N−1∑
p=−(N−1)

(
1− |p|

N

)

×{Rũ(p)Rw̃(p) + Rũw̃(p)Rũw̃(−p)}: (9)

The variables Rũ(p) and Rw̃(p) denote the auto-correlation
functions (ACF) of random data ũ n and w̃n while Rũw̃(p)
represents the cross-correlation function (XCF) of the same
data pairs.

A theoretical study of the bounds of momentum 'ux error
variance �C2 for the case �r′n± = 0 (i.e., zero instrumental
error) was reported in Kudeki and Franke (1998). Thorsen
et al. (2000) generalized the results of Kudeki and Franke
(1998) to include instrumental noise e:ects and also exam-
ined the dependence of �C2 on the radar beam angle �. These
studies suggested that unless the data length N is very large,
�C2 
 C2 and that �C2 is of the order of the =rst compo-
nent in Eq. (9) that depends on auto-correlations, Rũ(p) and
Rw̃(p). In view of these results, the Rũw̃(p)-dependent sec-
ond term in Eq. (9) can be neglected, and the momentum
'ux variance can be approximated as

�C2 ≈ 1
N

N−1∑
p=−(N−1)

(
1− |p|

N

)
Rũ(p)Rw̃(p): (10)

Finally, if the Rũ(p)Rw̃(p) product is negligible for all p
except p= 0,

�C2 ≈ Rũ(0)Rw̃(0)
N

=
〈ũ2n〉〈w̃2

n〉
N

(11)

should be a reasonable approximation for the error variance
�C2.

As shown above, the rms error (�C) in the momentum 'ux
estimates (C̃) is dependent on the ACF’s Rũ(p) and Rw̃(p)
of noisy wind data ũ n and w̃n. The error (�C) as de=ned
by Eq. (10) accounts for both instrumental and geophysical
noise in C̃, and it is also valid with any type of pre-=ltered
(e.g., high-pass) ũ n and w̃n data used in band-limited mo-
mentum 'ux estimation. In the next section we will present
examples of estimates of Rũ(p) and Rw̃(p) as well as C̃
and �C obtained with high-pass =ltered Jicamarca wind data
from stratospheric and tropospheric heights.
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We will close this section by examining the co-variance
of momentum 'ux estimates obtained with wind data from
neighbouring radar range gates. Using the notation C̃1 and
C̃2 to refer to estimates from neighbouring range gates, and
noting that 〈C̃1〉=C1 and 〈C̃2〉=C2, we =rst establish that

�C2
12 ≡ 〈(C̃1 − 〈C̃1〉)(C̃2 − 〈C̃2〉)〉 (12)

Thus, using Eq. (2),

�C2
12 = 〈C̃1C̃2〉 − C1C2

=
1
N 2

N−1∑
n=0

N−1∑
m=0

〈ũ nw̃nũmw̃m〉 − C1C2; (13)

where indices n and m now refer to samples from ad-
jacent heights. Using Eq. (7) once again, and since
〈ũ nw̃n〉〈ũ mw̃m〉= C1C2 we =nd that

�C2
12 ≈ 1

N

N−1∑
p=−(N−1)

(
1− |p|

N

)
Rũũ′(p)Rw̃w̃′(p); (14)

where Rũũ′(p) and Rw̃w̃′(p) denote the cross-correlation of
ũ n and w̃n data from adjacent range gates. When the covari-
ance �C2

12 is of the order of variance �C2, estimation er-
rors in adjacent heights C̃1 and C̃2 are highly correlated and
the height pro=le of momentum 'ux may appear smooth
despite the presence of potentially large estimation errors.
Unless Rũũ′(0) � Rũ(0) and Rw̃w̃′(0) � Rw̃(0), pro=le
smoothness should not be regarded as a criterion of estima-
tion quality.

3. Experimental results

We used radial velocity data r̃′n+ and r̃′n−, n∈ [0; N − 1],
obtained from one-minute averaged Doppler spectra of Ji-
camarca east and west beam signals to calculate one-minute
ũ n and w̃n estimates according to Eqs. (3) and (4). North and
south beam returns were processed likewise to obtain a sec-
ond set of one-minute ṽn and w̃n estimates. Note that only
the coplanar w̃n samples should be combined with the cor-
responding horizontal samples when estimating momentum
'ux. Using the same symmetric coplanar beams to form the
horizontal and vertical velocities avoids mixing horizontal
(u; v) momentum 'ux terms with the desired vertical 'ux
of horizontal momentum. The estimates were obtained with
450 m height resolution starting at 8 km altitude, provided
by a 16-baud complementary coded transmitter pulses with
3 �s baud length. The data collection was nearly continuous
over a 10-day period of August 17–26, 1998.

Prior to momentum 'ux estimation using Eq. (2) we
high-pass =ltered the data =elds ũ n and w̃n from the east/west
beam pair and ṽn and w̃n from north/south beam pair to
suppress the wind components with periods larger than 2 h.
This was accomplished by subtracting a low-pass response
of the data obtained with a running-mean raised cosine =l-
ter function from the original data set. Missing data points
were ignored when computing the running mean average.

Fig. 1. Probability distribution plots of high-pass =ltered probability
densities of ũ n versus w̃n (left-hand side) and ṽn vs. w̃n (right-hand
side). Data for four consecutive height intervals, each containing
∼10 range gates.

The =lter suppressed the 2 h period component of the wind
data by 50%. Before computing probability distribution
functions (PDF’s) of the wind 'uctuations, the variables
were divided by their respective standard deviation at each
height. Fig. 1 shows contour plots depicting the PDF’s of
high-passed and standarized (unit standard deviation) ũ n
and w̃n (as well as ṽn and w̃n) data averaged in four height
intervals (8.45–12:05 km, 12.5–16:55 km, 17–21:05 km,
and 21.5–25:55 km). Each of the distributions is an aver-
age of ∼ 10 heights and all 10 days. The distributions are
bell-like with weak co-variances 〈ũ nw̃n〉 (and 〈ṽnw̃n〉). The
units of the PDF’s are such that their integrals over the
domain equals one.

Fig. 2 depicts examples of the ACF’s, Rũ(p) and Rw̃(p),
obtained from ũ n and w̃n data using the estimators

R̃ũ(p) =
1
K

K−1∑
n=0

ũ nũ n+p (15)

and

R̃w̃(p) =
1
K

K−1∑
n=0

w̃nw̃n+p: (16)

In Eqs. (15) and (16), K is the length of the subsets of ũ n
and w̃n data used for ACF estimation, where K is selected
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Fig. 2. ACF’s of ũ n and w̃n as well as ṽn and w̃n data estimated for the same height intervals used in Fig. 1 and using the entire 10 days
of measurements. The individual ACF’s were self-normalized by their zero-lag values and the labels w0 and w1 refer to w̃n data obtained
from east–west and north–south beam pairs, respectively.

to satisfy K � N . Note that the Rũ(p) (as well as the Rṽ(p))
estimates are generally small for p other than 0, indicating
that Eq. (10) should be well approximated by Eq. (11).
The ACF’s are plotted for the same heights as the PDF’s in
Fig. 1.

Fig. 3(a) and (c) show pro=les of campaign-averaged
meridional and zonal momentum 'uxes calculated using Eq.
(2) and its meridional counterpart. A circle, arbitrarily drawn
in Fig. 1 of diameter 2.5 in standard deviation units would
lie outside all the PDF contours. Panels 3(b) and (d) show
the impact of excluding the “tail” samples that lie outside
this 2.5 standard deviation circle. The sign of the momen-
tum 'ux is generally the same after excluding the “tails”, but
the magnitude is considerably smaller. Thus, much of the
momentum 'ux signal resides in the distribution tails, even
though the tails only comprise ∼ 10% of the samples. The
error envelope (shaded area) was calculated from Eq. (10).
The error envelope drawn is actually ±2�C (total width of
4�C) to correspond to the 95% con=dence interval for a
Gaussian distribution. The error bars were calculated from
Eq. (11). These are reasonable approximations to the error
envelope, but of course are smaller since they assume that
the samples are completely statistically independent. The
approximation of Eq. (11) is not as good for panels 3(c) and
(d), implying that samples in the central part of the distribu-
tions of Fig. 1 are more correlated from sample-to-sample
than those in the tails of the distributions.

4. Discussion

The experimental results shown in Section 3 suggest that
tropospheric and stratospheric momentum 'ux estimation at
Jicamarca is possible when ũ nw̃n products of high-pass =l-
tered wind data ũ n and w̃n obtained with one-minute time
resolution are averaged over at least a few days of observa-
tions. It appears that the uncertainty in momentum 'ux esti-
mates is reduced by the square root of the number of terms
averaged, implying that the noise in individual ũ nw̃n terms
are nearly independent from one minute to the next. A con-
tributing factor to the rapid decorrelation of the horizontal
wind is the presence of large instrumental noise component
in ũ n that has been propagated from relatively small instru-
mental errors �r′n± included in r̃′n±. Using Eq. (3) and ap-
plying straightforward error analysis it can be seen that the
rms instrumental error in ũ n is

�uinst =

√
〈�r2n+′〉+ 〈�r2n−′〉

2 sin �
; (17)

which is large compared to rms instrumental error in w̃n,

�winst =

√
〈�r2n+′〉+ 〈�r2n−′〉

2 cos �
(18)

because of the small denominator in Eq. (17) compared
with Eq. (18). When instrumental noise in ũ n dominates



D.M. Riggin et al. / Journal of Atmospheric and Solar-Terrestrial Physics 66 (2004) 277–283 281

(a) (b)

(c) (d)

Fig. 3. Momentum 'ux pro=les and error bars computed from
10-day averages for (a) meridional component; (c) zonal compo-
nent. Pro=les (b) and (d) correspond to pro=les (a) and (c), respec-
tively, except that they were calculated after the removal of wind
pair data in the fringes of the distributions shown in Fig. 1 (no rms
wind speed 'uctuations exceeding 2.5 in standard deviation units).
The error envelope (shaded area) is ±�C, with �C as calculated
from Eq. (10), while the error bars were calculated from Eq. (11).

over geophysical noise (e.g., variations in u due to a
superposition of wave e:ects), errors in ũ n are by and large
uncorrelated between the 1-min estimates (since instrumen-
tal errors are independent from one spectral =t to the next)
and therefore the precision of momentum 'ux estimates
improves as

√
1=N .

The large instrumental noise in ũ n also helps to explain
the shape of the ũ n ACF’s R̃ũ(p) shown in Fig. 2. Note
how R̃ũ(p) drops rapidly with increasing p as compared to
R̃w̃(p). This behavior indicates the presence of a “white noise
spike” in R̃ũ(p) at the “zero lag” p = 0, which is exactly
what would be expected if ũ n were strongly contaminated
by instrumental noise. However, the ACF’s of the horizontal
wind components appear to be compact compared with the
vertical wind components even at the larger lags. One pos-
sible interpretation is that wind 'uctuations correspond to
vertically aligned convective motions, rather than propagat-
ing waves. Riggin et al. (2002) showed evidence for strong
convective (up–down) motions in the troposphere which

terminated in the vicinity of the tropopause (∼ 16 km) in
an analysis of the lower-frequency winds during the same
August 1998 campaign.

It is interesting to note here the impact of instrumental as
well as geophysical noise on possible biases that can arise
in wind variance and momentum 'ux estimation. First, we
observe that high-pass =ltered ũ n data will be a sum of u
'uctuations in the frequency band of interest (the only part
of ũ n that we really want), instrumental noise, and so called
'uctuation induced errors (e.g., Kudeki et al., 1993) aris-
ing from the inhomogeneity of wind vectors within the two
radar beams. Consequently, the variance 〈ũ2n〉 of ũ n is biased
from the variance 〈u2〉 of u by the sum of the variances due
to instrumental noise- and 'uctuation-induced errors. The
variances will generally be overestimated. However, if two
conditions are met, the covariance 〈ũ nw̃n〉 of =ltered ũ n and
w̃n data will be unbiased and equal to the wind momentum
'ux (per unit mass) 〈uw〉 in the frequency band of interest
despite the presence of instrumental and other errors in ũ n
and w̃n data. As already pointed out in Section 2, one of
these conditions is to have equal rms levels of instrumen-
tal noise in the r̃′n+ and r̃′n− data. The second condition is
stationarity and horizontal homogeneity of the wind 'uctu-
ations probed by the radar. When both conditions are met,
the total error variances in r̃′n+ and r̃′n− become equal and
cancel out exactly in the numerator of the expected value
of the momentum 'ux estimator (1). This cancellation oc-
curs whether the joint distributions of ũ n and w̃n 'uctuations
have Gaussian forms or not. This remarkable fact, i.e., the
immunity of 〈ũ nw̃n〉 and 〈ṽnw̃n〉 from 'uctuation-induced
biases that contaminate 〈ũ2n〉, 〈ṽ2n〉 and 〈w̃2

n〉 is one reason
why it is possible to obtain meaningful radar momentum
'ux estimates with suTciently long integrations.

Fig. 4 shows daily averaged momentum 'ux pro=les. The
most striking feature in the pro=les is a negative peak in
the meridional 'ux at ∼15 km during August 21–22, and
24–25. This feature is consistent with the elongation of the
contours seen in Fig. 1. Note in particular the second panel
from the bottom on the right-hand side of Fig. 1. The nega-
tive slope of the elongated region in this panel demonstrate
that we are measuring a true momentum 'ux due to a nega-
tive correlation between v and w. The southward momentum
'ux features are repeatable from day-to-day, but it is not
possible to tell from the net momentum pro=les whether the
peaks are due to excitation of southward propagating waves
at this height or a weakening (e.g., due to dissipation) of the
northward propagating waves.

The characteristics of this momentum 'ux peak can be
investigated by segregating the momentum 'ux into posi-
tive and negative momentum 'ux contributions as shown
in Fig. 5. The positive momentum 'ux contribution is (in
the zonal case) the average of all the positive uw products
(samples for which u and w are both positive or both neg-
ative). The negative momentum 'ux component, shown as
a dashed line is the summation of all the negative uw prod-
ucts. The absolute value of the negative momentum 'ux
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Fig. 4. Vertical pro=les of daily averaged meridional momentum
'ux (top), and zonal momentum 'ux (bottom). The pro=les are
o:set by 0:1 m2 s−2. The error bars were calculated from Eq. (11).

Fig. 5. Vertical pro=les of daily averaged positive and negative
momentum 'ux components. The upper panel is meridional and
the lower panel zonal. The positive momentum 'ux component,
shown as solid lines is the average of all the horizontal/vertical
wind products that are positive. The negative zonal momentum 'ux
component, shown as dashed lines is the average of all negative
horizontal/vertical wind products, then taking the absolute value of
the average. The pro=les are o:set by 0:2 m2 s−2.

contribution has been taken so that it can be easily com-
pared with the positive momentum 'ux contribution. The
lower panel of Fig. 5 shows the positive (solid line) and

negative (dashed line) contributions to the total zonal mo-
mentum 'ux and the upper panel shows the same for the
meridional momentum 'ux. The positive and negative con-
tributions are larger in magnitude than the total momen-
tum 'ux, so the pro=les in Fig. 5 are o:set by 0:2 m2 s−2,
compared with 0:1 m2 s−2 o:sets in Fig. 4. Fig. 5 shows
that the positive and negative momentum 'ux contributions
tend to track each other. Careful comparison of Fig. 4 with
Fig. 5 shows that the southward momentum 'ux peaks seen
in Fig. 4 are associated with northward, as well as south-
ward peaks in the component momentum 'uxes. One possi-
ble interpretation is that these peaks correspond to turbulent
motions, rather than propagating waves. Riggin et al. (2002)
showed evidence for strong convective (up–down) motions
in the troposphere during the August 1998 campaign that
terminated in the vicinity of the tropopause (∼16 km). En-
hanced turbulence might be expected at this height where
vertical motions are impeded due to the enhanced stability.

5. Conclusions

In this work we have shown that the four beam con=gura-
tion at Jicamarca is suitable for high-frequency momentum
'ux estimation in the troposphere and lower stratosphere
provided that several days of continuous measurements are
available. In view of the large instrument noise involved in
horizontal wind estimation momentum 'ux error bars vary
as N−1=2, where N denotes the number of available radial
wind estimates from dual co-planar beams. The availability
of continuous wind estimates (in height and time) at tropo-
spheric and stratospheric heights helps with compiling the
required statistics after only a few days of observations.

Future studies should consider the impact of the violation
of wind 'uctuation stationarity onmomentum 'ux estimates.
The stationarity assumption is likely to be violated during
integration periods approaching or exceeding a day, and, as
a result, statistically signi=cant 'ux estimates must represent
a temporal average of time-dependent momentum 'ux vari-
ations. There is evidence of this in the day-to-day variability
of the 'ux pro=les shown in Fig. 4. Potential biases arising
from episodic violations of horizontal homogeneity and/or
balanced instrumental noise assumptions during extended
integration periods should be considered and assessed.

The net momentum 'ux after long (e.g., 10 day) averages
was found to be generally weak, and at some heights nearly
indistinguishable from zero. In these cases the sign of the
net momentum 'ux is indeterminate, although the under-
lying PDF can be determined quite accurately. Our earlier
assumptions concerning the Gaussian character of the dis-
tributions were necessary for developing a tractable formula
for the error variance �C2. However, the distribution func-
tion widths and shapes might provide more useful informa-
tion than the momentum 'ux as a single number. Particular
attention should be given to the distribution tails, since these
few samples make a relatively large contribution to the net
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momentum 'ux. We plan to examine the distributions in
more detail in future studies.
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