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Retrieval of Tropospheric Water Vapor Scale
Height from Horizontal Turbulence Structure

Christopher S. Rufsenior Member, IEEEand Shawn E. Beus

Abstract—A scale height of the vertical water vapor distri- surface emissivity, e.g., due to variable surface wind speed
bution in the troposphere is shown to be related to the rate [4]. Thus, while both IR and millimeter measurements can
at which the total integrated water vapor (IWV) decorrelates — ,\/iqe valuable information about the vertical distribution of
with horizontal separation. This relationship is based on the . . .
departure from simple Kolmogorov behavior of the turbulence water vapor in the troposphere, their performance is reduced
structure of the IWV as the horizontal separation becomes a Nnear the surface and can be adversely affected by clouds and
significant fraction of the scale height of the three dimensional (3- wind.

D) turbulence. The relationship is demonstrated by comparisons  Microwave radiometers which use the weak 22.2 GHz water

between direct measurements of the vertical water vapor distii- 5041 jine are well suited for estimation of the vertically inte-
bution, by radiosondes, and coincident estimates of the horizontal

turbulence structure, using the TOPEX Microwave Radiometer drated water vapor content (IWV) in the atmosphere [5]-{7].
(TMR). This provides a new method by which to resolve some Contributions by water vapor to the brightness temperature
of the vertical structure of lower tropospheric water vapor from  measured near 22 GHz are only weakly dependent on height
Eﬂﬂ‘f&?&éuzbaﬂfqgepfégﬁgri isét;“J:;%;iSO faﬁggggst% ssgggﬂg [8]. This results in estimates of IWV which are largely
the dynamics of water vapor scale height across the tropical mdepgndent of the vertical dlsmbl.mo.n’ but Seve_rgly limits
Pacific Ocean. The cyclical evolution of a basin scale east/west2ny direct measurement of the profile itself. In ad_d't'on’_lwv
ridge of water vapor with high scale height near 5 north retrievals from space over the ocean are largely insensitive to
latitude is detected which is consistent with other observations variations in cloud cover and surface wind speed [9], [10].
of the Madden and Julian Oscillation. The general technique  preyious attempts have been made to infer information
presented here should be applicable to many other existing data bout the b d | humidity f di t
sets which image the horizontal distribution of IWV, e.g., those about the boundary gyer urr.1.| ity from r.a lometer measure-
of the Defense Meteorological Satellite Program’s special sensor Ments near 22 GHz. Liu and Niiler [11] estimate monthly mean
microwave/imagers. values for the near surface specific humidity from monthly
mean IWV retrievals by the scanning multichannel microwave

I. INTRODUCTION radiometer. Their technique is based on the strong statistical
. N . correlation between these two parameters and does not rep-
REQUENT images of the absolute humidity in the air—sg sent a direct and independent measurement of the surface

boundary_ layer on a global scale_ would ad_d significant umidity itself. This qualification is born out by the fact that
to understanding and accurate numerical modeling of the Wattﬁr

lity of th rf retrieval r the averagin
vapor flux between the ocean and atmosphere [1]. Curr n? quaiity of he suriace retrieva .de.g ades as ne averaging
Ime, and hence the necessary statistical correlation, is reduced

methods for resolving the vertical distribution of watgr Vapjlg]. Thus, their approach is quite robust with respect to clouds
in the lower troposphere from space have several importan
limitations. IR imagers such as the AVHRR and HIRS ¢

and wind, but suffers in temporal resolution. Schelzal.
estimate profiles of water vapor, but they perform mo 3] estimate surface humidity from brightness temperatures
poorly near the ocean surface [2]. IR sensitivity near the

measured by the special sensor microwave/imager by adjust-
. : ng the coefficients in its IWV retrieval to be preferentially
surface is also severely reduced by cloud cover. Radiometers ..

. . sensitive to the water vapor nearer the ocean surface. They
operating near the strong 183.3 GHz water vapor line are

also capable of profiling water vapor. Retrieval of absolu o the limited profile information contained in the raw
; grightness temperatures and combine this with the statistical

humidity profiles near the surface using downward lookin : o S

airborne observations has been reported [3]. Lettzl [3] orrglatlon between the spemﬁg humidity near the surface and

also note, however, that retrieval performance under cloug]gE _|r_1tegrqted Wat(_er vapor. This approach incorporates some
a ditional information beyond the measurement of IWV, and

0 has better temporal resolution than the approach used in

1]. However, it still relies in large part on the statistical

correlation between the measured integrated vapor and the
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structure of IWV. Our intent is to incorporate the robust natumaogorov theory predicts a relationship of the form
of the IWV estimates with a retrieval method which does not 5
rely on indirect statistical correlations, but rather is based on Drwv (s) = Crwv s ®)

3_ metzlisurzlab:e dqtlargrt]lty (:]he IW\f/ ttr:eruIetnce structure?_lthaw%ere the power law exponent is given By= 5/3 [14]. We
rectly related 1o the shape of the waler vapor profiie. Wye,, locally fit measurements &f;y;-v(s) to (5) for separations

begin with a _brief revievy of those aspects O.f atmospher %yond the outer scale. We expétto roll off from 5/3 to 0
turbulence which are pertinent here. A description of the IW s increases beyond the outer scale of isotropic turbulence
and coincident radiosonde measurements used in this sty X/ery large separations

follows, along with a description of the data processing used.l.he behavior of 3 as a function of separation is also

to estimate turbulence structure from IWV and to estimajeq, .o eq by the finite vertical extent of the water vapor

water vapor scale height from the radiosondes. Following t.%fstribution. Even for the case of isotropic turbulence on all

IS a comparison between these estimates. We conclude wi fizontal scales, separations which are an appreciable fraction
sequence of images of turbulence structure across the tmp%ﬁalthe vertical extent of the bulk of the water vapor will

Pacific ocean. result in two dimensional (2-D) structure functions for which
(3 is reduced below 5/3. This aspect of the dependence of
Il. REVIEW OF ATMOSPHERIC TURBULENCE (3 on separation has been recognized and studied by several

The point-to-point turbulence structure function for the threl@vestigators [16], [17]. Armstrong and Sramek [16] estimate

dimensional (3-D) water vapor density field is defined as the dependence Py on separation directly from sets of
phase differences between radio interferometer pairs with the

Dy(s) = ([p(¥) — p(F+ 5] (1) very large array in Socorro, New Mexico. They note a range
, . . . of values0.84 < f < 1.95 for separations in the range 1-10
whﬁer(_as is the magnitude of the separation between pointg,, Kasugaet al. [18] also present evidence of &= 5/3
p(7) is the water vapor density at, and the expectation et jaw dependence (for separations in the range 27-540
is over_all reghzatlons of the_ran(_jom func'_uqr@f‘). If the m) using phase differences at 22 GHz with the Nobeyama
separation,s, is assumed to lie within the inner and outef,iineter array. Treuhaft and Lanyi [17] corroborate this
scales of isotropic turbulence, then Kolmogorov turbulenggpayior with numerical simulations which predict a smooth,
theory predicts a relationship of the form [14] monotonic transition of3 from 5/3 to 2/3 as the separation is
D,(s) = C,s°. ) varied from much less tha_n to m_uch greater than the height of
a slab of water vapor which is isotropically turbulent on all
The proportionality constant;,,, is called the structure con-scales within the slab. Note, however, that their model does
stant of the turbulence and scales according to the magnitud incorporate the additional roll off ¢f with separation due
of the water vapor variability [15]. The power law exponento the finite outer scale. Based on these results, we anticipate
«, is a measure of the rate at which the water vapor distributitiat a direct estimate g¢f, using IWV data, may provide some
decorrelates with separation distance. For the case of isotrojpiiormation about the scale height of the water vapor profile.
turbulence in three dimensions, = 2/3 [14]. If the separa-
tion, s, is larger than the outer scale (typically in the tens of IIl. RADIOMETER AND RADIOSONDE
meters), then (2) will not be strictly obeyed. For examgleg, OBSERVATIONS AND PROCESSING
will become independent of at separations so widely spaced
that the water vapor is essentially uncorrelated. Equation () TopEX Microwave Radiometer

can be considered a local model for the behavior of the ) ] ) )
turbulence structure in different regions of the separation,The TOPEX/Poseidon satellite orbits at an altitude of 1375

with C, and o considered region dependent variables. F&m and an_inclination of 67 It has an exact repe_at time of 9.9
separations within the inner and outer scales of isotrofi@yS @nd is nonsun synchronous [19]. The primary objective

turbulence,o = 2/3. For very large separations; = 0. In of TOPE_X is measure_me_nt of ocean surface topography using
between, we expeat to decay from 2/3 to O. radar aIt|m<_atry. TMR is included t(_) correct for the delay of
Measurements of IWV are related t¢7) by the rgdar signal due to trop_ospherlc vyatgr vapor. It measures
the brightness temperature in the nadir direction at 18.0, 21.0,
and 37.0 GHz and estimates the path del&/), due to
water vapor using statistical inversion [7]. Because hB
whereZ denotes the two dimensions of horizontal variabilitiS nearly linearly proportional to the IWV [20], we will use
of the IIW'V" field andz is the height, A turbulence structureYtS turbulence structure to estimate the power law dependence,

. : o 3, of the water vapor distribution.
function can be Qeflned for thBVV field in the same manner TMR data are recorded every 5.8 km along the satellite
as for the 3-D field, as

ground track. ThePD estimates are spatial averages over

Drwv(s) = (IWV(Z) — IWV(Z + 5)]?). (4) the footprint of the TMR antenna, which measures 36 km in
diameter at 21.0 GHz. Therefore, there is considerable overlap

If the separation,s, lies within the inner and outer scalesof the water vapor distributions from which the sequential

of isotropic turbulence for the water vapor field, then Kolestimates ofPD are made. The behavior of the horizontal

IWV(#) = / 7= (3,2)) d @3)
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turbulence structure function with overlapping spatial aver- An estimate of the power law dependengeis made using
aging has been considered [21]. Jansseal [21] find that a log/log linear regression dDpp versuss
the dependence of the decorrelation on separation is weaker
with the overlap, as expected. In other words, the power law log(Dpp(s)) = Plog(s) +1og(Cpp). (11)
dependence@, is expected to be_lower. In our study heréy e inciude only estimates dPpp(s) over the range 11.6 km
we characterize the turbulence using sequential measurements - 59 5 km in our regression solution fgt This choice
of PD along ground tracks falling within specified time ancg]c raﬁge is motivated by a number of related factors

i Is. ifically, th I functi o .
space intervals. Specifically, the turbulence structure unctlonl) The P distribution is not expected to obey a simple

is estimated b .
y Kolmogorov turbulence model for very large separations

X L for the reasons stated above;
Dpp(s) = A Z[PD(a:i) — PD(z; + 8)]? (6) 2) While many of the observed structure functions did obey
s =1 the Kolmogorov modeD pp = Cpps” with a constant

value for 3 out to well beyond 29 km (some as far out
as 200-300 km), almost all of them did so out to 29 km;

3) Inclusion of Dpp (s = 5.8 km) in the regression
resulted in estimates of which were more sensitive
to small variations in the noise floos;?;

4) Preliminary comparisons betweghand coincident es-
timates of the water vapor scale height, as measured
by radiosondes, found a stronger correlation when this

PD(z;) = (PD(z;)) + n; ©) narrow range of separations was used to estimiate

where N, is the number of pairs ofPD samples present
within the specified time and space interval which have a
spatial separation of. Thus, Dpp is estimated at integer
multiples of the sampling step sizes = 5.8 km. In practice,
DpD(s) will also include an uncorrelated noise term which
must be estimated and removed. Specifically, the individual
PD samples can be expressed as

wheren,; is modeled as zero mean, normally distributed noid® Radiosonde

which is independent for each Inserting (7) into (6) and  Ragiosondes provide a direct measure of the vertical profile
considering the I|m|t|ng case of the _averaged summation i apsolute humidity,p(z). The height of the water vapor
() to be an expectation operation gives can be characterized in a number of ways. We consider the

DpD(S) — ([PD(x) — PD(x + )]°) following approach. The fractional heighlf ;(f), is defined

2 by
=Dpp(s) + 20, (8)
Hy
where Dpp(s) is the true turbulence structure function and /0 p(z) dz
o2 is the variance of the noise. The variance of the noise f="m— (12)
is expected to be relatively stationary over time since it /0 p(z) dz

is principally due to the additive noise in the brightness

temperature measurements (i.e., the instrum®f), and so Where f can vary from 0 to 100%#H s determines the height
only needs to be determined once. We estimgiedirectly below which a specified fraction of the total water vapor
from the data in the following manner. The autocorrelation dfurden lies.

the PD distribution can be estimated by

IV. COINCIDENT INTERCOMPARISONS

R(s) = % Z[PD(a:i)PD(a:i + )] 9)

=1

A. Description of Database

: . . ) The ongoing validation program for TOPEX/Poseidon in-
Inserting (7) into (9), expanding the cross-products, and pasﬁ‘Jdes daily collection of radiosonde data from 24 island

ing from an averaged summation over to a true ex ectatiiS . . . .y .
9 9 P aunch sites which lie within 50 km of the satellite ground

gives track [10]. The radiosondes are typically launched twice daily
. Ri(0)+02 ifs=0 at 1100 and 2300 UTC. The satellite overpass times at each
R(s) = Ri(s) if s£0 (10)  site are approximately uniformly distributed in time due to its

nonsun synchronous orbit. For purposes of this intercompari-
where R,(s) is the “true” (i.e., noise free) autocorrelationson study, we have selected the subset of radiosonde launches
function. We determinel%(s) from a very large set of TMR which occurred within 100 min of the closest approach time
orbits over open ocean regions. The true autocorrelationaita satellite ground track, provided the distance at closest
s = 0,R:(0), is found by extrapolating/z(s > 0) back to approach is less than 150 km. Corresponding TMR data are
s = 0. The variance follows a2 = R(0) — R.(0). This selected which lie within a specified radius of the radiosonde
results in a value of,, = 0.13 cm, which is consistent with launch site. This radius is determined independently for each
the TMR PD retrieval error budget described in [7]. The noiseverpass so that the standard deviation of falD samples
bias,202 in (8), is then subtracted from all estimaté%pD(s), within the radius remains approximately the same. This con-
to determineDpp(s). trols for large changes in the statistics of the turbulence over
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the ensemble of data from which the turbulence structure

is estimated. These time and space intervals define the set;=~

N, of pairs of PD samples needed in (6) to estimate ~ 350-
Typical values forN, range from 50-150, depending on the = - e -
separation spacing; in (6), on the specific ground track of @ 3001 | . e, Tt s
closest approach to the launch site, and on the radius usedE 250 | e P

Typical values for the radius were in the range 150-400 km & MR
and resulted in a standard deviation of tH® of 2.0-2.1 cm. 8 2001 - T, ‘;: 'fff?-
This value for the standard deviation was chosen in order to § C AT
guarantee a sufficiently large number of samplgs, This in i 1901 S e
turn imposes an effective spatial resolution on our estimate of 32 1001 . . +
[ which is considerably larger than the TMR antenna footprint e
of 36 km. This problem is largely due to the' nadir viewing 5%.8 T 12 14 16 18 5 22 24
geometry of the TMR. A cross-track or conically scanning
IWYV imager, such as SSM/I [22], should be able to estimate Turbulence Structure Exponent
the turbulence structure function with much less degradation @
in spatial resolution because of its higher horizontal sampling
density. 2000 - -
Egof e

B. Intercomparison % 16001 T, t‘: .,

Scatter plots of the fractional heigl#,, of the tropospheric ZGEJ 14001 . “1 M ::‘** :J* +
water vapor versus the turbulence paramegtare shown in o P S
Fig. 1. Fractional heights are shown with= 10% and50%. = 12001 .o e n s .
In both cases, the general behavior is as expected baseds3 1pgp- - Tt T
on the previous studies discussed above [16]-[18]. Higher & Caete, T
values for3 generally correspond to lower fractional heights. “; 8001 T '+“‘+ o,
The correlation betweefd and H; appears stronger for the % 600 .
10% fractional height. In fact, scatter plots similar to those £ 400

shown here for other fractional heights indicate that the 08 1 12 14 16 18 2 22 24
strength of the correlation generally decreases as the fraction
increases above 10%. We conjecture that this may be due
to the stronger correspondence between the smaller fractional (b)

height and the thickness of the water vapor in the boundafy. 1. The power law dependence on separation distance of the turbulence

Iayer_ This boundary Iayer water vapor is better mixed anslructure function for integrated water vapor is plotted against coincident
osonde measures of the height of the water vapor profile. (a) The height

henc?’ more representatlve ‘?f Isotropic turbulence th?‘n %?%Ihe first 10% of the integrated water vapor, and (b) The height of the first
the higher regions of the profile. However, we emphasize gy of the integrated water vapor. The power law is directly related to the

this point that the turbulence parametgt, should not be scale height of the turbulence, which is in turn partially correlated with these
considered a direct predictor of fractional height. Rather, ftéasures of height
is directly related to the turbulence scale height. In this light,
some of the scatter present in Fig. 1 can be attributed to thstimator, we consider the ability @f to predict H; when
inherent decorrelation between turbulence scale height aRd is held relatively constant near its mean value. A scatter
10% fractional height. This decorrelation could, for exampl@lot of the subset of 10% fractional heights for which the
be the result of the relatively independent behavior of the watgiD falls in the range 17.0-19.0 cm is shown in Fig. 3 versus
vapor within and above the boundary layer. While the bulthe turbulence parametet. Fig. 3 is a subset of Fig. 1(a)
of the water vapor and of th&D variability and turbulence in which the effect of variations il’D has been essentially
structure originates in the lower troposphere, there is also soreenoved. The behavior @f  with respect tg3 noted in Fig. 1
fractional contribution to the turbulence structure from this still present here. Scatter plots &f; versus/ in other
upper troposphere. narrow ranges of the?D show a similar behavior. These
Considering the dependence of earlier boundary layer es8sults suggest that there is information contained imbout
mators on the inherent correlation betwedi 'V and surface the vertical profile of water vapor independent of the inherent
humidity [11], [13], we next address the possibility that theorrelation betweeD and near surface humidity.
success of our turbulence estimator is also an artifact ofA second comparison between the radiosonde fractional
that correlation. A scatter plot of the 10% fractional heightseight and3 is possible by examining a continuous time series
presented in Fig. 1(a) versus their correspondii@s, as of the two values at a common location. This has been done
determined by the TMR, is shown in Fig. 2. A strong correat a number of the radiosonde launch sites for the years 1994
lation is present between the two parameters, as expectedamid 1995. The TMR-derived estimates @fuse all satellite
order to isolate the effect of this correlation on our turbulena@round tracks with closest approach points within 150 km of

Turbulence Structure Exponent
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Fig. 2. Scatter plot of the 10% fractional height of water vapor versus path @

delay. The two parameters are highly correlated. Similar correlations between

surface and integrated parameters are the basis for earlier techniques which
estimate near surface humidity using microwave radiometry.
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14(.% 4 1'_5 1'.6 1:7 1'.8 1:9 2 Fig. 4. Time series of radiosonde-derived 10% fractional water vapor height
(a) and TMR-derived turbulence power law (b) at 166.&mst longitude,
Turbulence Structure Exponent 19.28 north latitude from January 1994 to August 1995. A runnint)) day

triangular average is performed on both data sets to accommodate the 10-day
Fig. 3. Subset of Fig. 1(a) for which the path delay lies between 17.0 andbit repeat time of the TMR. Both time series demonstrate a characteristic
19.0 cm. This narrow filter isolates the dependence of water vapor height4h-50 day MJO.
the turbulence structure power law alone and indicates that the power law
contains independent information about the vapor profile.

V. IMAGES OF TROPOSPHERIQWNATER VAPOR SCALE HEIGHT

the launch site. The? time series is smoothed by a running TMR derived estimates o were also made centered on
triangular average of:10 days to accommodate the sampling 9rid of points across the tropical Pacific basin. The grid
characteristics of the 10 day orbit repeat time. The radioson@tends from 160-240east longitude and from-23° to
heights, which are generally available twice daily, have alg$° latitude, and grid points are spaced uniformly evetin2
been smoothed by a running triangular average-ob days Poth longitude and latitude. This results in a grid spacing of
for comparison. A sample of the results is shown in Fig. @approximately 200x 200 km. Processing at each grid point
for the Wake Island radiosonde station (latitude 19.@8rth, is similar to that used in the time series comparison described
longitude 166.65 east). Both 10% fractional height angl above, except that the radius about each point, which is used
time series display an oscillating behavior which is consisteit select the ensemble of data from which the turbulence
with the Madden and Julian Oscillation (MJO) period of 40-58tructure is estimated, has been widened to 400 km. The larger
days [23]. The phase coherence between the two time serigdius reduces the noise in the images while degrading the
suggests that they are responding to correlated characterissieatial resolution somewhat. The range of acceptable standard
of the water vapor profile. In addition to the similar MJQdeviations of the path delay within a given radius has also
signatures, both time series also have a similar responsebéen increased, from 2.0-2.1 cm in the time series comparison,
the seasonal variation in the height of the water vapor profil@. 2.0—2.3 cm here. The larger standard deviation also allows
Higher levels are noted during the 1994 and 1995 summersmore data to be included in the ensemble, thus further reducing
both the radiosonde effective height and the turbulence scie noise in the image. It should be pointed out that, although
height inferred fromg. the sites are spaced approximately 200 km apart, there can be
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considerable overlap between sites in the particular ensembl@ considerable amount of attention has also been directed
of TMR data used to estimate This can be roughly viewed toward modeling and understanding the causes of the MJO.
as a spatial smoothing effect on the images, with a typicBecreases in the period of the MJO to as short as 26 days, for
smoothing width of diameters 600 km. example, have been associated with warm water events such as
A sequence of images covering the period 14 March—2Re El Nifio-Southern Oscillation [24]. Some of the modeling
May 1995 is shown in Fig. 5. The relatively coarse temporagsults to date attempting to describe the MJO have been less
resolution of 9.9 days makes much of the dynamics on smaltean successful. Hendon and Salby [25] note, for example,
spatial scales difficult to interpret with confidence. Howevethat “most GCM'’s (global climate models) produce an analog
the evolution of one prominent feature is evident. In Fig. 5(edf the MJO phase speeds nearly five times that observed.”
a ridge of high water vapor scale height (depicted in thEhey suggest that the cause for this anomaly is most likely
image by lower values of3 in the range 0.9-1.2) can berooted in the insufficient vertical resolution available to the
seen extending from 160—24@ast longitude at approximatelymodels to predict the behavior of the boundary layer water
5° north latitude. The development of this ridge over theapor. We expect that use of this turbulence retrieval technique
course of the previous several weeks can be followed througfll provide valuable information to the GCM modelers to
Fig. 5(a)—(d). The ridge rapidly breaks up over the next femonstrain the behavior of their results in the boundary layer.
weeks, as shown in Fig. 5(f) and (g). This cyclical build up
and decay of the ridge has also been observed in much of
the other TMR data we have processed. The period of the VI. DiscussioN
cycle varies somewhat and generally lies in a range consistensampling issues, especially the question of what criteria can
with the 40-50 day MJO. A second, weaker, east/west ridge used to identify an acceptable ensemble of measurements
is also evident neass10° south latitude. This ridge also tendsfrom which to estimate the turbulence structure, were largely
to grow and decay in cycles throughout the TOPEX missiotriven in our case by the relatively sparse spatial coverage and
but is generally less well formed. long revisit time of the TMR. These constraints resulted in
Previous indicators of the MJO have included a varietpatial and temporal resolution in our basin scale image$ of
of surface and tropospheric observations from radiosondes.approximately 608 600 kn? and ten days, respectively.
including air pressure, air temperature, wind speed, and waléfe absolute error present in each estimates ofias found
vapor mixing ratio [23]. There have also been some indicatiopy direct numerical simulation. A representative subset of 40
of an MJO signature in geosynchronous satellite observatidosations across the tropical Pacific were selected. In each
of cloud cover over the tropical Pacific [24]. Comparisongase, noisy estimates ¢f are made by randomly perturbing
between the phase of the 40-50 day periodic componenttigg¢ TMR PD data with zero mean additive Gaussian noise
the spectra of the surface air pressure observations at varigith a standard deviation of 0.3 cm. The 0.3 cm noise level
ground stations suggest that a phase front is propagating fragtounts for both sample-to-sample independent noise and
west to east, beginning in the Indian Ocean and crossinggossible short term drifts in instrument calibration [7], [21].
South America in a matter of six to seven days, with a typica@his was repeated several thousand times in order to determine
phase velocity of= 39 m/s [24]. This phase progression ighe statistics of the error induced ih The results indicate a
largely confined to the regios=10° latitude. The relatively standard deviation i¥ of 0.14 which is largely independent of
short propagation time, in comparison to the 40-50 day peritite mean value of. This error analysis suggests that noise in
of the oscillation, suggests that an organized east/west feattlre estimates of is another component of the scatter present
can be expected to form across the tropical Pacific basin. Fig. 1(a), in addition to the decorrelation betwe&D
This is consistent with the water vapor ridge shown in Fig. %urbulence and 10% fractional height due to upper tropospheric
However, the 9.9 day averaging effect of our data processingriability noted above.
masks any information about the dynamics of the 6—7 dayThe use of horizontal turbulence statistics derived from
phase progression itself. vertically integrated measurements of IWV provides informa-
Madden and Julian [24] also suggest the presence of a muidm about the scale height of the water vapor profile. While
slower MJO-related propagation away from the equator in thieere is some correlation between the scale height of the
north/south direction, with~ 2 m/s speed. There is someturbulence and the fractional height, they are not necessarily
evidence of this behavior in the results presented here. FRensitive to the same characteristics of a profile. Consideration
example, Fig. 5(b)—(d) in the vicinity of 200—23@ast longi- of cases of weak versus strong versus multiple inversions, or
tude and 5-23 north latitude show a series of regions wittof shallow versus deep versus nonexistent boundary layers,
relatively high water vapor scale height apparently breaking di€gs the question: Exactly what, from a meteorological stand
from the developing east/west ridge and moving to the norghoint, is the turbulence scale height measuring? We suspect
The rate of progression of these cells is roughly consistehtat this is a fairly broad and open-ended topic which will merit
with the 2 m/s speed cited. It should be emphasized, howevesnsiderable attention in the course of the future development
that these results are preliminary. In fact, we anticipate that this turbulence retrieval technique. Notwithstanding the
the application of this turbulence technique to data sets framed for further clarification of the turbulence scale height,
other instruments, with faster revisit times and more complettge preliminary results presented here suggest that there is
ground coverage, will reveal much more of the dynamidiely new and useful information contained in the power law
associated with this MJO water vapor ridge. dependencej, of the turbulence structure function.
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Fig. 5. TMR-derived turbulence power law images over the tropical Pacific Ocean during Spring 1995. Decreasing values correspond to an increase in the
turbulence scale height of the water vapor profile. Each image is averaged over 10 days and has approximat€@®BR@6at spatial resolution. Note the

gradual buildup, followed by the decay, of a prominent east/west ridge of high water vapor scale heightoathSlatitude. This cycle generally repeats

itself throughout much of the three year data set examined thus far. The dynamic behavior of the ridge is consistent with existing observatiogs descri

the MJO. Times for each image are: (a) 14 March-24 March; (b) 24 March-3 April; (c) 3 April-13 April.
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Fig. 5. (Continued) Times for each image are: (d) 13 April-23 April; (€) 23 April-3 May; (f) 3 May-12 May; and (g) 12 May—22 May.
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