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Observational data were taken in the ‘vertical’ structure at 2 Hz from research
dropsondes for temperature, wind speed and relative humidity during the ∼800 s it
takes to reach the surface from the ∼13 km altitude of the National Oceanic and
Atmospheric Administration (NOAA) Gulfstream 4SP aircraft. The observations
were made mainly through the depth of the troposphere above the eastern Pacific
Ocean from 15◦ N to 43◦ N (dropsondes) and 60◦ N (aircraft) in 2004. Grand
averages of some key figures and of probability distribution functions (PDFs) were
formed by compounding the data from the Winter Storms Projects 2004, 2005 and
2006, comprising 246, 324 and 315 (some dropped up to 60◦ N) useable sondes,
respectively. This sizeable data set was used to representatively characterize the
statistical fluctuations in the ‘vertical’ structure from 13 km to the surface. The fluc-
tuations are resolved at 5–10 m altitude, so covering up to 3 orders of magnitude of
typical tropospheric weighting functions for passive remote sounders. Average ‘ver-
tical’ statistical, multifractal, scaling exponents H, C1 and α of temperature, wind
speed and humidity fluctuations observed at high resolution were computed and
are available as potential generators of representative, scale-invariant summaries of
the vertical structure of the marine troposphere, for use in design and retrieval of
remotely sounded observations.

1. Introduction

Detailed high-resolution information from research quality observations of the verti-
cal fluctuations in the structure of tropospheric variables over the large oceanic area
between 15◦ N and 60◦ N, bounded longitudinally by the dateline and the west coast of
North America, has value for remote sounding retrievals in the nadir, given the paucity
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2 S. J. Hovde et al.

of such information. The value from the Global Positioning System (GPS) dropsondes
is further enhanced by considering similar information in the horizontal from the
parent aircraft itself, providing additional information in the limb scanning context.
Its utility also includes improving the performance of synoptic weather forecasting
and climate models (MacDonald 2005) and investigating the tropospheric chemical
composition (Cooper et al. 2005). Basic theoretical interpretations of observed atmo-
spheric structure above the ocean provide a means of providing compact descriptions,
via the scaling exponents calculated by the application of generalized scale invari-
ance, of the statistics of the fluctuations obtained at high resolution. The fluctuations
concern the roles of isotropy, anisotropy and invariance and their direct potential
importance for remote sounding retrievals, as contrasted to the flux and cascade inter-
pretations drawn from the data, whose conceptual importance has been described
elsewhere (Lovejoy et al. 2009a).

We use tropospheric observations made from GPS dropsondes (Hock and
Franklin 1999), telemetered back to the parent National Oceanic and Atmospheric
Administration (NOAA) Gulfstream 4SP aircraft during the Winter Storms 2004
Project over the eastern Pacific Ocean in the first 3 months of the year, between 10◦ N
and 60◦ N, for our primary analysis. Most of the flights described here had both take-
off and landing at Honolulu (21◦ N, 158◦ W), but the consecutive flights on 05, 06 and
08 March 2004 were from Honolulu, Anchorage (61◦ N, 150◦ W) and Long Beach
(34◦ N, 118◦ W). Additionally, we use similar observations from 2005 and 2006 to
compile probability distribution functions (PDFs) that are representative of the ver-
tical structure of the full troposphere above the eastern extratropical Pacific Ocean
within this large marine area. While the primary analysis has been carried out for
the case in 2004, when sondes were dropped along purposely designed – largely great
circle – flight segments, the data from 2005 and 2006 were included with the 2004 data
to form enhanced grand averages for appropriate variables connected with the vertical
structure of temperature, winds and humidity. There were 324 useable sondes out of a
total of 363 dropped in 2005 in the area bounded by 21◦ N–45◦ N and 132◦ W–182◦ W
and 315 useable out of 352 dropped in 2006 in the area bounded by 21◦ N–60◦ N and
128◦ W–172◦ W. During the 2006 mission, sondes were dropped between 46◦ N and
60◦ N for the first time, when the aircraft was based in Anchorage for a significant
fraction of the time.

The observations from the dropsondes are given a horizontal context and were made
possible by the significant difference between the scaling structure of the G4 aircraft
data in the ‘vertical’ and in the ‘horizontal’. ‘Vertical’ ascents and descents from the
National Aeronautical and Space Administration (NASA) WB57F research aircraft at
about 10◦ N, 84◦ W during the first 2 months of 2004 allow some extension to the trop-
ics. It is not currently possible for our purposes to obtain atmospheric observations
with adequate spatial and temporal resolution that are truly vertical and horizontal,
because the effects of atmospheric variation upon the motion of the platform mix the
two coordinates, whether aircraft or balloons are used. Nevertheless, there is inter-
nal consistency between the aircraft ascents and descents and the dropsonde data;
their similarity to each other and their dissimilarity to the ‘horizontal’ aircraft data
are important supporting facts in the validity of the scaling exponents as compact
summaries of the statistics of the fluctuations observed.

The theory of generalized scale invariance (Schertzer and Lovejoy 1985, 1987, 1991)
has been applied successfully to a large volume of airborne atmospheric data, acquired
from high altitude aircraft, largely in the lower stratosphere (Tuck and Hovde 1999,
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Vertical scaling over the Pacific Ocean 3

Tuck et al. 2002, 2003a, b, 2004, 2005, Lovejoy et al. 2004). Generalized scale invari-
ance has been reviewed recently, in a solid earth geophysical context, by Lovejoy and
Schertzer (2007). The effect of the G4 aircraft motion in ‘horizontal’ flight in the
stratosphere under autopilot control operating isobarically was examined by Lovejoy
et al. (2009b), who showed that the scale-by-scale conservation scaling exponents
Ha(s) and Ha(T), could be anomalous due to long-range correlations between the
aircraft motion and the wind field (the subscript a denotes observations made from
an aircraft, s the wind speed and T the temperature; for fluctuations �f in a quantity
f , over a distance �x we have < �f > ≈ �xH). Note that the conservation or Hurst
exponent H is defined by equations given, most recently, in Tuck (2010) and refers
to the atmosphere accounting for all coordinate directions; when having subscript
1 it refers to calculation via first-order structure functions, when having subscript 2
it refers to calculation via second-order methods. Use of the subscript ‘a’ refers to
the calculation from aircraft data; the quantity Ha thus refers to the fact that air-
craft data taken in cruise flight sample the variables in both the horizontal and the
vertical, something evident from the chemical and potential temperature traces on
the first polar ozone flights (Murphy et al. 1989, Tuck 1989); the subscript ‘a’ will
be used exclusively for such data, invariably calculated by first order structure func-
tions in this paper. The subscripts ‘h’ and ‘v’ appended to H will refer to the Hurst
exponent calculated in the horizontal and vertical, respectively; H with no subscript
refers to the value for the atmosphere generally. Tuck et al. (2004) argued that there
were important correlations between Ha(s) and Ha(T) with measures of jet stream
strength, where it was also shown that Ha(N2O) = 0.56 ± 0.01 for a true passive
scalar (nitrous oxide, a conservative tracer) in the lower stratosphere, with no evidence
of scale breaks in the log–log plots; at approximately 310 ppbv its presence could not
possibly have affected the motion of the aircraft. This is the theoretical value of H =
5/9 predicted by generalized scale invariance, from the ratio of the horizontal (1/3)
to the vertical (3/5) scaling exponents. We focus on the scaling behaviour of temper-
ature, wind speed and relative humidity in the ‘vertical’ from some 261 dropsondes
(Hock and Franklin 1999), released at about 13 km altitude from the Gulfstream 4SP
aircraft. A ‘horizontal’ perspective, largely in the upper troposphere but with some
in the lowermost stratosphere, is available from the permanent meteorological instru-
ments on the parent aircraft. The data thus permit the extension of previous lower
stratospheric ER-2 and WB57F work to the upper troposphere, with ‘vertical’ scaling
through the depth of the troposphere. Because of telemetry gaps and noise spikes in
the data, the scaling analyses of dropsonde results in Tuck (2008, 2010) were limited to
the calculation of the conservation or Hurst exponent H; the intermittency exponent
(C1) and the Lévy exponent (α) were not obtained. The results are discussed in the
light of previous work, and what can be deduced from the application of generalized
scale invariance to the troposphere, in particular the vertical aspects. Note that the
values of C1 and α were estimated by theoretical formulae in Lovejoy et al. (2009a),
and see Lovejoy et al. (2007) for the wind field from 24 sondes dropped during one
flight. In the latter analysis, selected subsets of observations were used to demonstrate
the absence of isotropic turbulence on any scale. It has further been shown that the
concept of a stable layer, whether examined statically via the Brunt–Väisälä frequency
for both moist and dry cases or dynamically via the Richardson number, needs re-
examination when viewed in high resolution under statistical multifractal analysis of
dropsonde observations (Lovejoy et al. 2008). An investigation into the vertical cas-
cade structure of the atmosphere and how the flux and cascade analyses were affected
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4 S. J. Hovde et al.

by the fact that the dropsonde outages showed statistical multifractal behaviour has
been published recently (Lovejoy et al. 2009a); the transmission of the data stream
from the falling, swinging and rotating sonde to the parent aircraft was affected by the
turbulent structure of the wind field; at certain orientations the signal was too weak.
The work presented here includes a statistical description of the fluctuations from 885
dropsondes from three winters, adding to the previous cascade and flux analyses made
for one winter from 246 sondes (Lovejoy et al. 2009a), and extending the latitude range
from 43◦ N to 60◦ N. The fluctuations and their statistical multifractal scaling expo-
nents are the quantities likely to be most relevant to remote sounding retrievals, given
their ability to generate representative statistics of fluctuations in both nadir and limb
directions. An example shows the importance of such small-scale fluctuations in the
retrieval context: the high water vapour variability found by Sparling et al. (2006).
Loughner et al. (2007) considered specific horizontal scales selected from aircraft data
for air quality sounding by satellite, for both the design of the hardware and of the
retrieval software. This subject is later discussed in §4.

Scaling approaches are quite varied in the literature, with many seeking to describe
variation in atmospheric variables with a single exponent, usually the Hurst exponent
H or a variant of it. Koscielny-Bunde et al. (1998) and Syroka and Toumi (2001)
examined surface temperature, while Toumi et al. (2001), Varotsos (2005) and Varotsos
and Kirk-Davidoff (2006) studied the ozone column density. The interaction of clouds
with radiation has been studied by Marshak et al. (1997) and Davis et al. (1997); cloud
microphysics has been considered by Falkovich et al. (2002) and Falkovich and Pumir
(2007); and there is a large literature concerning rainfall and hydrology originating
with the much-cited work of Schertzer and Lovejoy (1987). Turbulence is a difficult
subject and has been for over a century; it is not surprising that it continues to be
controversial; see, for example, Frisch (1995) and Davidson (2004). In the atmosphere,
it spans 15 orders of magnitude in spatial scale, from the mean free path to a great
circle, and there exists no simple unifying language or formalism that is adequate. We
consider the approaches that use the idea of turbulence laws as emergent properties to
be promising ones.

Finally, it is necessary to mention what is sometimes seen as the surprising or even
incredible expectation that a vertical scaling could be found in the atmosphere, given
the variety of perceived scales in the troposphere, ranging from the boundary layer
through meso- and synoptic scales to the three maxima in the global-scale subtrop-
ical jet stream of both Northern and Southern Hemispheres. It was not ‘expected’;
it is what resulted from the objective analysis of observations by a well-tried set of
algorithms.

2. Methods

The NOAA Gulfstream 4SP aircraft (Aberson and Franklin 1999) is equipped as a
research aircraft and has a GPS dropsonde capability. The GPS dropsondes have been
described elsewhere (Hock and Franklin 1999); most of the flights here involved flight
legs that were along a great circle or close to it. The flight duration was 7+ hr at
pressure altitudes of 41 000–45 000 ft (12.5–13.1 km), during which time sondes num-
bering 20–30 were dropped. The sondes typically took about 800 s to splash down,
recording data at 2 Hz. The horizontal displacement between the release and splash-
down points for a sonde was in the range 12–15 km; the separation at splashdown
was ≈30 m between pairs of sondes released simultaneously (Lovejoy et al. 2008).
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Vertical scaling over the Pacific Ocean 5

The directly measured variables were analysed: temperature, wind speed and relative
humidity at equal time intervals, also transformed by linear interpolation to equal
intervals of geopotential height to allow for the deceleration of the falling sonde as
it encountered progressively denser air. It has been shown that linear interpolation
makes no significant difference to the analysis of the fluctuations, which is what we are
concerned with here, although it may do so for spectral analysis and for the analysis
of fluxes and cascades (Lovejoy et al. 2009a). The characteristics of the dropsonde are
listed in table 1. The data from the meteorological instruments on the aircraft itself
were analysed at 1 Hz. The time and position details of the flight legs used from the
10 flights are shown in table 2 and are mapped in figure 1. Note that comparison of
the data between two simultaneously ejected dropsondes indicated that the errors were
much smaller than those nominally given in the dropsonde specification, see Lovejoy
et al. (2008), yielding, for example, temperature resolution of 0.01 K and horizontal
wind resolution better than 0.1 ms−1 with a horizontal separation at splashdown of
typically 30 m after falling 13 km.

Of the total of 261 sondes dropped in 10 flights, 15 were eliminated because of a vari-
ety of problems; of the remainder, 11 failed to record wind speed data. The composite
variograms (Tuck et al. 2004) for temperature and relative humidity thus contain 246
vertical profiles, while that for wind speed contains 235. The dropsonde data are at
2 Hz, so on the time-based variograms, log10(r) = 2, for example, corresponds to a lag
of 50 seconds; r is the lag parameter used in the scaling calculation; see, for example,
Tuck (2010). The time-based data were also transformed to an altitude (geopotential
height) base, since the sondes decelerated from a fall speed of ∼22 ms−1 at 12 km to
∼16 ms−1 at 6 km and to ∼11 ms−1 near the surface. In this case, the same quantity
corresponds to a lag of about 1000 m. The first 15 s of each drop were omitted from
the analysis to ensure that the temperature probe had equilibrated. The only records
included in the pressure–temperature–humidity analysis were those with status codes
of P00 and S00; all records with P10 and S10, telemetry errors in the pressure, tem-
perature and humidity, were filtered out (Martin 2004). Data with 1 in the second
place represent errors in the telemetry of the wind data, and these were also elimi-
nated. The P indicates data taken prior to sonde release (used for calibration), while
S represents data taken during the sounding phase. Among the 261 dropped, there
were 8 pairs of sondes ejected simultaneously from the Gulfstream 4; they were very
reproducible, a fact used in analyses of the anisotropy of turbulence (Lovejoy et al.
2007) and of the sparse fractal ‘Russian doll’ structure of stable and unstable layers
under static, convective and dynamic criteria (Lovejoy et al. 2008). The calculation
of specific humidity, required for the convective stability analysis, was made using the
relation given in Richard et al. (2006). For details of quality control measures on the

Table 1. Characteristics of dropsonde.

Operating
range Accuracy Resolution Time constant

Pressure (mbar) 20–1060 0.5 0.1 < 0.01 s
Temperature (◦C) −90–40 0.2 0.1 2.5 s at 20◦C, 3.7 s at −40◦C
Humidity (%) 0–100 2 0.1 0.1 s at 20◦C, 10 s at −40◦C
Wind (ms−1) 0–150 0.5 0.1
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Vertical scaling over the Pacific Ocean 7
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Figure 1. The flight tracks flown by the NOAA Gulfstream 4SP aircraft during the period 29
February 2004 to 14 March 2004. Dropsonde locations are indicated by the dots.

dropsonde data, the ASPEN Manual (Martin 2004) should be consulted. The alti-
tude is the hydrostatically integrated altitude. The wind rejection algorithm uses the
vertical velocity as measured by the GPS as an indicator of the reliability of the hor-
izontal winds; if it is significantly different from the vertical velocity diagnosed from
the pressure measurement, the GPS-reported horizontal winds are discarded.

It may be noted that the comparisons between simultaneously ejected sondes indi-
cate that the errors are considerably smaller than the 0.5 ms−1 quoted, see Lovejoy
et al. (2008). In any case, the best approach at the small scales is to include all the
points and inspect the behaviour for consistency; see, for example, Tuck et al. (2003b)
and Lovejoy et al. (2004). Most of the dropsondes encountered one or more wind max-
ima, which we classified as the subtropical, polar front and stratospheric polar night
jet streams (STJ, PFJ and SPNJ, respectively). The SPNJ was encountered only when
the aircraft was well above the tropopause and was limited to seven soundings, largely
at the higher latitudes. The classification was based on a combination of altitude of
wind speed maximum below the tropopause (above 10 km was STJ, below it was PFJ),
continuity and a threshold wind speed above and below the wind maximum on each
sounding. This threshold varied in the range 23–30 ms−1; the distance between this
threshold above and below the wind speed maximum was taken as the depth of the
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8 S. J. Hovde et al.

jet stream. There was a sub-population of soundings having both STJ and PFJ occur-
rences on the same dropsonde record. For all the dropsonde profiles, a measure of the
vertical shear of the horizontal wind was taken by calculating the difference between
the maximum and minimum values of the wind speed recorded during the sounding.
The entire set of 885 useable dropsonde profiles taken over three winters constitutes
a new data set for the eastern Pacific Ocean between 15◦ N and 60◦ N and reinforces
the previous analyses performed on smaller and less extensive samples, while dealing
solely with the fluctuations in the observed variables, the quantities relevant to retrieval
algorithms and their validation.

To calculate H1,v via first-order structure functions for the dropsondes using an alti-
tude base rather than a time base, the time series f (t) was replaced by f (z), where z is
altitude and the data interval was 10 m. The individual variograms from which the
time-based composites were made averaged 12 points each, resulting in approximately
2900 points in the composite variograms; the corresponding figure for the altitude-
based analysis was 2600. The composites contain more points than an individual
ascent by a factor approaching 2, because the individual descents are not perfectly
aligned in either time or altitude and so the ∼1600 points taken at 2 Hz during ∼800 s
fall time may fall in adjacent rather than identical bins. In what follows, we use the
altitude-based variograms for the dropsonde data. The aircraft ascents, descents and
cruise observations tend to be at constant rates of climb, dive and cruise and we use the
directly acquired time-based method for the aircraft data. Sensitivity tests of these pro-
cedures indicated negligible effects on the results. We note that composite variograms
are not limited to their familiar second-order usage in spectral analysis; here they are
used with first-order structure functions, see the discussion in Tuck (2008, p. 43).

The theory for the analysis of atmospheric and geophysical data via generalized
scale invariance has been given in several places in the literature, most recently in
Lovejoy et al. (2010) and Tuck (2010). Some interest may attach to how our approach
compares with that of other techniques of scaling analysis, such as rescaled range
(Tuck and Hovde 1999) and in particular detrended fluctuation analysis (DFA; see
Koscielny-Bunde et al. 1998) and its generalization, the Multifractal DFA (MFDFA).
The fact that the dropsonde data are irregularly distributed in space forces resort to
pairwise techniques (Lovejoy et al. 2007) and to a triplet technique both for the fluxes
(to determine the cascade structure) and for the fluctuations, discussed in Lovejoy et al.
(2009a), in which §4.4 contains details. The triplets are essentially a generalization
of the MFDFA technique useful when the data are irregularly spaced. We therefore
expect a DFA analysis to produce similar results for Hv to those in table 3(b).

3. Analysis of results

A typical dropsonde descent is shown in figure 2, with data for temperature, horizontal
wind speed and relative humidity, accompanied by the individual height-based vari-
ograms from the slope of which H1,v was calculated; consistent with the definitions
given above, this refers to the Hurst exponent in the vertical calculated via first-order
structure functions.

The descent occurs through the depth of the troposphere, at approximately 25◦ N
and 157◦ W on 29 February 2004 (sonde number 1); the tropopause is visible at
12.5 km near the top of the temperature trace and was associated with the presence of
a cut-off low (Cooper et al. 2005). It is immediately apparent that the ‘vertical’ scaling
of temperature from the first-order structure functions has H1,v(T) close to but less
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Vertical scaling over the Pacific Ocean 9
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Figure 2. Dropsonde number 1, 29 February 2004; the location was 24◦ 57′ 01′′ N, 157◦ 23′ 53′′
W. The two frames in each of the three cases show the profile and its geopotential height-based
variogram: (a) temperature; (b) wind speed; and (c) relative humidity. The scaling exponent H1,v
is calculated from the slope of the variogram. The scaling in (b) is shown as an example of worst-
case statistical variation at the large scales; more typical behaviour is shown in figures 3(b) and
4(b), with the composite behaviour of all the data in figure 5(b).
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10 S. J. Hovde et al.

than unity, whereas H1,v(R) and H1,v(s) are approximately 0.7 and R is the relative
humidity. The large deviations at the longer scales in figure 2(b) are shown to illus-
trate the worst case; the great majority of profiles are less scattered, as in figures 3(b)
and 4(b).

There are of course fewer samples in the fractal analysis at the larger scales, but
the effect is partially overcome in the composite variogram, see figure 5(b). Individual
profiles at the latitudinal extremes of the dropsondes are shown in figures 3 and 4, in
the shape of sonde number 17 on 05 March 2004 at 43◦ N and 171◦ W at the north-
ernmost extent and sonde number 27 on 04 March 2004 at 15◦ N and 166◦ W at the
southernmost extent of the sonde data. The data from these three sondes are very
similar with regard to their scaling behaviour for temperature, wind speed and rela-
tive humidity and all deviate little from the composite variograms shown in figure 5,
which include all the dropsonde data from all the flights. It should be noted that the
tropopause on the northernmost sonde (figure 3) was well below the uppermost point
(∼9 km vs. ∼12 km). Although all the temperature exponents are close to unity, as
expected from the coarse persistent lapse rate present in tropospheric profiles, there
is nevertheless an ordering within the range 0.91<H1,v(T) < 1.00 according to vari-
ability, with the (rarer) profiles deviating most from a coarse straight lapse rate having
lower values within the range. This is despite the choice of the absolute difference
to define the fluctuation in the first-order structure function limiting the arithmeti-
cally possible range (theoretically H1,v ≤ 1). The variability is mainly that arising from
‘stable’ layers through the depth of the troposphere (Lovejoy et al. 2008). The approx-
imately isothermal layer at the top of each sonde descent did tend to slightly lower
the value of H1,v from unity, but in a very reproducible way, arising from the near con-
stancy of both the tropopause and the aircraft flight altitudes. A second-order analysis
of the 2004 data permitting a range of H2,v between 0 and 2 showed that H2,v(T) =
1.07 ± 0.18, with significant variability (Lovejoy et al. 2009a). The central point is
that in both first- and second-order methods, the scaling of temperature fluctuations
in the ‘vertical’ is different, with a higher Hv, than that of winds and humidity. The
wind speed and humidity have similar scaling exponents in both first- and second-
order results. With ‘horizontal’ observations, all three variables scale similarly, further
supporting the uniqueness of the temperature fluctuations in the ‘vertical’. Extensive
tests and trials with a wide variety of algorithms support the interpretation of the
calculated ‘vertical’ exponents as valid and significant.

The composite variograms – one calculation for the data points from all the flights
rather than an average of the separate slopes – for the Gulfstream 4SP ascents and
descents are shown in figure 6, and for the ‘horizontal’ segments in figure 7; the result-
ing scaling exponents Ha are shown in table 3; the data are consistent with the previous
experience of ‘horizontal’ aircraft flight, with the Ha values being the ratio of the
horizontal to the vertical scaling exponents (Lovejoy et al. 2004, Tuck 2008, Lovejoy
et al. 2009b). The ascents and descents are mainly near Honolulu, with one of each
above both Anchorage and Long Beach. The scaling is not significantly different for
either of the latter locations. In figure 7(c), it should be recalled that total water has a
sink, via gravitational settling of ice crystals, operative (Tuck 2008, 2010), thus render-
ing individual realizations different within the composite variogram, with sinks being
indicated by Ha < 5/9. The effect is particularly pronounced at the longer scales. The
line is simply the slope of all the data and represents a mean. It is clearer than having
several lines corresponding to the individual flights.
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Vertical scaling over the Pacific Ocean 11
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Figure 3. Northernmost dropsonde during the mission, number 17 on 5 March 2004 at 42◦
42′ 56′′ N, 170◦ 55′ 30′′ W, as in figure 2.

In late January and early February 2004, the WB57F aircraft acquired ‘vertical’
profiles above San José Airport, Costa Rica (10◦ N, 84◦ W), where the tropopause was
at an average altitude of 17 km (Richard et al. 2006) in the course of the pre-Aura
Validation Experiment (pre-AVE). The composite variograms, which contain eight
profiles, using a 1 Hz time base are shown for temperature and humidity in figure 8(a)
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12 S. J. Hovde et al.

1.5 H1 = 0.98 ± 0.01

1.0

0.5

–0.5

0.0

–1.0

0.0 0.5 1.0 1.5

Log (r)
2.0 2.5 3.0

lo
g
 (

<
|f(

x+
r)

 –
 f(

x)
|>

)

(a)
12

10

8

6

4

2

0
–40

G
e
o
p
o
te

n
ti
a
l 
a
lt
it
u
d
e
 (

k
m

)

–20

Temperature (°C)

0 20

H1 = 0.798 ± 0.023

1.0

1.5

0.5

–0.5

0.0

–1.0

0.0 0.5 1.0 1.5

Log (r)
2.0 2.5 3.0

lo
g
 (

<
|f(

x+
r)

 –
 f(

x)
|>

)
(b)

12

10

8

6

4

2

0
10

G
e
o
p
o
te

n
ti
a
l 
a
lt
it
u
d
e
 (

k
m

)

20

Horizontal wind speed (ms–1)

30 40

H1 = 0.748 ± 0.028

1.0

1.5

0.5

–0.5

0.0

0.0 0.5 1.0 1.5

Log (r)

2.0 2.5 3.0

lo
g
 (

<
|f(

x+
r)

 –
 f(

x)
|>

)

(c)
12

10

8

6

4

2

0
200 40 60 80

G
e
o
p
o
te

n
ti
a
l 
a
lt
it
u
d
e
 (

k
m

)

Relative humidity (%)

Figure 4. Southernmost dropsonde during the mission, number 27 on 4 March 2004 at 15◦ 15′
11′′ N, 165◦ 59′ 42′′ W, as in figure 2.

and (c); they are not significantly different from those obtained by the Gulfstream 4SP
at higher latitudes. Note that there were no research quality winds from the WB57F –
those from the operational navigation system are inadequate for calculating H1,v(s),
a point that may be seen from the slope and scatter in figure 8(b). The result pro-
vides a perspective on the requirements for systematic and random error to obtain
useful scaling exponents; the quoted errors on the dropsonde data are adequate, as
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Vertical scaling over the Pacific Ocean 13
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Figure 5. Composite variogram for all dropsondes during the mission: (a) temperature;
(b) wind speed; and (c) relative humidity. See text for numbers of contributing sondes.

they were for the research data from the ER-2 and G4 aircraft, typically giving scaling
exponents with standard errors of <10%. A similar experience was found with trunca-
tion error on archived, as contrasted to full double precision, data on the ER-2 (Tuck
et al. 2002). There were no adequate ‘horizontal’ flight segments from pre-AVE. The
‘vertical’ flight segments of the WB57F were between the surface and 18 km altitude,
typically taking between 15 and 20 minutes; four were ascents and four were descents.
The similarity in the scaling between the ‘vertical’ ascents and descents, of the aircraft
on one hand and of the dropsondes on the other, reinforces the validity of both, given
the dissimilarity of the scaling of both to that of the aircraft data in the ‘horizontal’.

The results from all the composite variograms from the first-order structure func-
tion analysis are summarized in table 3(a), which also contains for comparison in table
3(b) the values calculated by the second-order methods in Lovejoy et al. (2009a,b). The
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Figure 6. Composite variograms for the Gulfstream 4SP aircraft data ascents and descents,
18 profiles in all (see text): (a) temperature; (b) wind speed; and (c) relative humidity.

values for the ‘vertical’ scaling of temperature, wind speed and relative humidity from
dropsondes are in the first column of table 3(a), with the corresponding values for
aircraft ascents and descents (vertical) in the second column. The third column con-
tains the ‘horizontal’ scaling exponents for the parent Gulfstream 4, which as noted
previously combine horizontal and vertical fluctuations because of the effects of the
turbulent structure upon the motion of the aircraft (Lovejoy et al. 2004, 2009b, 2010).
Table 3(b), showing the second-order analysis, has the dropsonde results in the first
column, the ‘horizontal’ aircraft results in the second and their ratio in the third.

There was no correlation of the ‘vertical’ scaling exponents H1,v(T) and H1,v(R)
from the dropsonde data with either the depth of the jet streams or the magnitude of
the vertical shears of the horizontal wind speed. There was, however, significant cor-
relation of the vertical, dropsonde-derived H1,v(s) with these quantities for all three
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Figure 7. Composite variograms for the Gulfstream 4SP ‘horizontal’ segments (16 in all):
(a) temperature; (b) wind speed; and (c) relative humidity.

categories of jet stream; see figure 9(a) for the correlation with depth of the jet stream.
There is some separation of the STJ exponents from those of the polar front and SPNJ
on this plot. Figure 9(b) shows a cleaner correlation of H1,v(s) with the vertical shear
of the horizontal wind, echoing that found in the ‘horizontal’ constant Mach number
ER-2 data for the SPNJ (Tuck et al. 2004), with little evidence on separation among
the three latitude bands. The important point is that traditional large-scale measures
of jet streams, which are expressed theoretically in the thermal wind equation, are cor-
related with observed scaling exponents describing the fluctuations in the variability
of the winds on all observed scales, in both horizontal and vertical. In Lovejoy et al.
2009a, somewhat different interpretation is given for the isobaric, parent G4 aircraft
flight data: that at small scales before the G4 aircraft starts to accurately follow isobars,
the horizontal wind exponent (Hh ≈ 0.33) is measured, while at large enough scales
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16 S. J. Hovde et al.

Table (3a). Scaling exponents H1,v from dropsondes and Ha from the parent aircraft.

Dropsondes
‘Vertical’ aircraft

segments
‘Horizontal’

aircraft segments

Temperature 0.986 ± 0.002 0.95 ± 0.02 0.52 ± 0.02
Wind speed 0.768 ± 0.005 0.68 ± 0.02 0.56 ± 0.02
Relative humidity 0.750 ± 0.006 0.66 ± 0.03 0.45 ± 0.03

Table (3b). Scaling exponents H2,v from dropsondes and Ha from the parent aircraft
(Lovejoy et al. 2009a,b).

Dropsondes ‘Horizontal’ aircraft segments H

Temperature 1.07 ± 0.18 0.50 ± 0.01 0.47 ± 0.09
Wind speed 0.75 ± 0.05 0.33 (1/3) 0.46 ± 0.05
Relative humidity 0.78 ± 0.07 0.51± 0.01 0.65 ± 0.06

the aircraft follows isobars which have significant slopes and the vertical exponent (Hv

≈ 0.75) is measured. On any given trajectory, the transition distance is highly variable
depending on the atmospheric condition (stability, shear) as well as on the aircraft
response (autopilot, etc.), but on average is about 40 km. The result is that expo-
nents estimated over scale ranges straddling the transition scale will have intermediate
behaviours. The extreme horizontal and vertical exponents are shown as reference
lines in the figures. Note that humidity and temperature were not strongly correlated
with the aircraft altitude or pressure so that their exponents are not much affected
by the atmospheric conditions. The foregoing complications do not apply to the
dropsondes.

Figure 10(a) and (b) shows the grand average PDFs combining 2004, 2005 and
2006 for dropsonde temperature and relative humidity. Figure 11 shows the same
grand average for dropsonde horizontal wind speed. All are non-Gaussian, includ-
ing the lowest levels that are in the marine boundary layer, an important point to
make for two reasons: one is that the point is made for a large area of the Pacific
Ocean; and the second is that it makes the point that the Gaussian assumptions
often made in atmospheric model procedures and variances, and in remote sound-
ing retrievals, are inappropriate. Mean field assumptions will also require statistically
correct justification, and account will need to be taken of the non-convergence of
variances.

In order to enhance earlier results for 235 sondes from 2004 (Lovejoy et al. 2007),
we show in figure 12 the vertical scaling behaviour of the horizontal wind speed
for all 315 useable sondes from the 2006 mission, which extended the latitude range
poleward to 60◦ N compared to the 43◦ N of the previous missions. The results are
indeed similar to the earlier analysis although the previous results showed a system-
atic increase from Hv ≈ 0.60 near the surface to ≈0.77 at altitude; here the range was
0.68–0.73.

Results were calculated for the intermittency, C1, and the Lévy index, α, for the
three directly measured variables – temperature, wind speed and humidity. The mean
values were {0.072, 0.088, 0.091} for C1 and {1.70, 1.90, 1.85} for α. Such values are
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Figure 8. Composite variograms for ascents and descents of the WB57F during the pre-AVE
mission above San José Airport, Costa Rica during late January and early February 2004: (a)
temperature; (b) wind speed; and (c) relative humidity. The wind speed data are from the navi-
gation system, not from research instrumentation, and are shown to illustrate the rather strict
requirements on instrument performance and data quality that exist for the scaling analysis.

consistent with our previous work (Lovejoy et al. 2007, 2009a), where a more complete
conceptual discussion of fluxes and cascades may be found. For all three variables, the
large number of small samples at the short space and timescales in the scaling analysis
overcomes the individual errors on a single observation. This is particularly true when
considering the 885 profiles from the three winters, but is also effective in the case of
the 246 sondes from 2004. In the particular case of relative humidity, the dropsonde
values are better than those from operational radiosondes because they are taken on
descent, so avoiding the contamination and outgassing problems entailed by ascent
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Figure 9. (a) The vertical scaling exponent H1,v(s) as a function of jet stream depth, obtained
from dropsonde data. Open circles, STJ; closed circles, PFJ; asterisks, SPNJ (see text for def-
initions). (b) H1,v(s) versus the difference between the maximum and minimum wind speeds
recorded on the sounding, a measure of the vertical shear of the horizontal wind. Open circles,
latitudes 15◦ N–25◦ N; closed circles, latitudes 25◦ N–35◦ N; asterisks, latitudes 35◦ N–45◦ N.

from the surface. However, we have not been able to compare the relative humidities
from the dropsonde with the independent absolute humidity measurements from the
aircraft, because the sonde drops through a steep humidity gradient in the initial phase
of its descent, when it is equilibrating thermally with the air after leaving the cabin.
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Figure 10. Total of 885 dropsondes from 2004, 2005 and 2006. The PDFs are shown for each
2 km deep layer from the surface to 12 km: (a) temperature; and (b) relative humidity.
Note: PDF, probability distribution function.

4. Discussion

We begin by noting that the observationally based generalized scaling exponents
obtained here can be used to generate statistical multifractal data that will be rep-
resentative of the troposphere above the Northern Hemisphere in the eastern Pacific
Ocean in winter by the methods used, for example, in Lewis et al. (1999), Murphy
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Figure 11. Total of 876 dropsondes from 2004, 2005 and 2006. The PDF of horizontal
wind speed is shown for each 2 km layer from the surface to 12 km. Note: PDF, probability
distribution function.

(2003), Tuck (2008) and Lovejoy and Schertzer (2010a,b). The importance of the ver-
tical structure in the scaling behaviour of tropospheric temperature time series from
satellite data has been shown recently by Efstathiou and Varotsos (2010), for exam-
ple. The observations apply to a large area of the Pacific Ocean between the dateline
and the west coast of North America, between 15◦ N and 60◦ N, with some ascents
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Vertical scaling over the Pacific Ocean 21

and descents from the WB57F at 10◦ N between the surface and 18 km. The drop-
sonde and G4 results apply to the entire depth of the troposphere from the sea surface
to 13 km in the ‘vertical’ and largely to the upper troposphere in the ‘horizontal’, in
contrast to the earlier applications of scaling to high altitude research aircraft obser-
vations, which were very largely to lower stratospheric data in the ‘horizontal’ (Tuck
et al. 2002, 2003a,b, 2004, 2005). The dropsonde data are more nearly vertical than
the aircraft ascents and descents; nevertheless, the use of ‘vertical’ to describe the air-
craft ascents and descents out of and into airports is justified by the scaling behaviour.
Although it has been demonstrated that the trajectories of the ER-2 and G4 aircraft
under autopilot control can themselves be fractal (Lovejoy et al. 2004, 2009b, 2010),

Figure 12. Total of 315 dropsondes dropped during Winter Storms 2006, in the area 21◦N–60◦
N, 128◦ W–172◦ W. The vertical scaling of the horizontal wind is shown. The fits are rms to the
vertical shears across layers of thickness increasing logarithmically upwards. The reference lines
have slopes corresponding to Hv = 1 (gravity waves), Hv = 3/5 (BO) and 1/3 (Kolmogorov).
The Hv corresponding to each rms fit is given. The data for each level are offset by 1 order of
magnitude to aid legibility. While BO is a good fit in the lower troposphere, in the upper tropo-
sphere the presence of jet streams leads to a systematic increase when the upper troposphere is
included. In any event, isotropic turbulence is always precluded. See Lovejoy et al. (2007) and
Tuck (2008). Note: rms, root mean square; BO, Bolgiano–Obukhov.
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22 S. J. Hovde et al.

the similarity of the H1 scaling exponent for the ‘vertical’ structure in temperature,
relative humidity and wind speed measured from the dropsondes and measured from
the G4 aircraft during ascents and descents suggests that the motion of the platform is
not a major influence in this regard, in particular the effect of the horizontal displace-
ment during the sonde descents is small. Platform motion is significant, however, for
isobaric G4 aircraft wind data in ‘horizontal’ flight when attempting flux and cascade
analyses, which have been given elsewhere (Lovejoy et al. 2009b, 2010). The key effect
noted in the latter paper was that when the aircraft attempted to follow isobars, there
was a critical transition scale. Below that scale, pressure fluctuations trailed the wind
fluctuations, whereas at larger scales they led them. Since the isobars generally have
significant slopes with respect to the vertical, and the turbulence is anisotropic, the
isobaric wind exponents are equal to the vertical wind exponents, not the horizontal
(isoheight) wind exponents.

According to the theory of generalized scale invariance (Schertzer and Lovejoy
1985, 1987, 1991), one does not expect the exponents of the turbulence in the vertical
and horizontal to be equal, so that structures become increasingly stratified at larger
and larger scales. In the original application of the idea to the atmosphere, the ratio of
the horizontal (Hh) to vertical (Hv) conservation scaling exponents H was argued to
have the value 5/9, consisting of the ratio 1/3 ÷ 3/5. The value of 1/3 in the horizon-
tal originated with Kolmogorov (1962, 1991) and the 3/5 in the vertical with Bolgiano
(1959); they result from the dimensional analysis applied to the horizontal energy flux
(units m2 s−3) and the vertical buoyancy flux (units m2 s−5), respectively. The ‘verti-
cal’ exponents are greater than the Bolgiano–Obukhov (BO) value for the horizontal
wind (3/5) for both dropsonde and aircraft data, being near but significantly less than
unity for temperature and about 0.75 and 0.68 for both relative humidity and wind
speed (table 3(a)); see table 3(b) for the somewhat different values found in Lovejoy
et al. (2009a) from a second-order analysis including the ratios H which are not far
from 5/9 but are apparently somewhat different. The ‘horizontal’ scaling exponents
for the aircraft data are 0.52, 0.56 and 0.45 for temperature, wind speed and relative
humidity, respectively. The generalized scale invariance analysis of the vertical struc-
ture of the horizontal wind speed by Schertzer and Lovejoy (1985) found Hv ≈ 0.60
using spectral analyses and Hv = 0.50 ± 0.05 from probability distribution analyses
of the ascent phase of 287 radiosonde launches, truncated to include only data up to
13 km altitude. This contrasts with our value from 235 dropsondes of 0.768 ± 0.005
for an almost identical altitude range. It is known that balloon payloads are in the
turbulent wake of the balloon on ascent from the behaviour of the water vapour sen-
sor, even when attached on long cables, so that data are completely reliable only on
descent. This is less true of ozone and temperature, but may have affected the analysis
of earlier stratospheric ascent data, for example, Tuck et al. (1999); we therefore sug-
gest that the dropsonde data are more credible. Recent re-examination by Lovejoy of
the Lazarev et al. (1994) radiosonde data suggests that the value of β = 2.4 works as
well as the originally reported value β = 2.2, where β is the power spectral exponent,
corresponding to Hv = 0.75 (including the small intermittency corrections).

The behaviour of upper tropospheric aircraft observations of humidity has been
discussed previously, with the conclusion that in both hemispheres air was dried by
cooling during sloping the motion up isentropes to the west of anticyclones (ridges) in
the subpolar regions and to their east in the subtropics (Kelly et al. 1991, Yang and
Pierrehumbert 1994); scaling behaviour indicated that total water was not a passive
scalar (conservative tracer) in the subtropical case (Tuck et al. 2003b) or from the
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Vertical scaling over the Pacific Ocean 23

DC-8 aircraft in the polar case (Tuck 2008). Galewsky et al. (2005) have confirmed this
drying mechanism for the largest scales globally in the subtropics through the study
of both re-analysis and general circulation model fields. The departure from passive
scalar behaviour for humidity is not therefore surprising. The correlation of values of
Ha less than, equal to and greater than 5/9 (0.56) with sinks, conserved tracers and
sources for atmospheric molecules, respectively, has been discussed by Tuck (2008,
2010). An independent method for detecting the presence of sources and sinks for
molecular species, including water, methane, carbon dioxide and ozone could be of
great utility in remote sounding studies of radiatively active gases. One would, for
example, expect to find a source of water in the lower altitudes in anticyclones above
the subtropical oceans, where evaporation exceeds precipitation.

The ‘vertical’ scaling of temperature from the dropsondes (1.00 > H1,v > 0.91) cal-
culated from the first-order structure function is distinctly different from that of wind
and humidity, which are essentially the same, about 0.75, whether calculated by first-
or second-order methods (table 3). That the vertical exponents exist is significant, in
that scaling is respected, but their numerical values are somewhat different from the
theoretical expectation predicted by the simplest generalized scale invariance model
with the BO exponent in the vertical and the Kolmogorov (K) value in the horizontal;
this generalized scale invariance model predicts Hh = H Hv with H = 5/9; Lovejoy
et al. (2009a) found the estimates of H in the range 0.46–0.65 depending on the field.
The aircraft ascents and descents have some small horizontal components, and while
this is reflected in the slightly (≤10%) lower ‘vertical’ exponents for all three variables,
they basically confirm the dropsonde results, as do independent WB57F profiles taken
for temperature and humidity through the depth of the tropical troposphere during
pre-AVE (figure 8(a) and (c)). The grand average results presented here underline the
weakness of Gaussian assumptions about the PDFs often assumed to apply to atmo-
spheric variables and their variances in numerical models, and in retrieval algorithms
in remote sounding. Sparling (2000) has pointed out the relevance of such PDFs to
remote sounding of the stratosphere. The scaling exponents we provide offer the pos-
sibility of generating statistically representative fluctuations along remote sounding
paths, in both nadir and limb geometries. In both cases they are not normally dis-
tributed, having long tails in their probability distributions; furthermore, the variances
will not converge since the Lévy exponent α < 2.

While scaling is still respected in the ‘vertical’, for both dropsonde and aircraft
data, we have no explanation for the observed deviations of the numerical values of
the exponents or the apparently significant deviations of the ratios from those pre-
dicted by the simplest generalized scale invariance model using the BO and K values,
which has hitherto been successful in accounting for the scaling behaviour observed
in ‘horizontal’ flight in the lower stratosphere (Lovejoy et al. 2001, 2004, Tuck et al.
2002, 2003a,b, 2004, 2005). Nevertheless, the calculated exponents H, C1 and α do
support the statistical multifractality predicted by generalized scale invariance and so
demonstrate the importance of intermittency and non-Gaussianity.

The impact of small-scale variability in the ‘horizontal’ from aircraft data on the
design and retrievals for satellite sounding of air quality has been considered by
Loughner et al. (2007). They selected the typical length scales of approximately 50 km
in the boundary layer, rising to approximately 150 km above it, and pointed out that
10 km resolution was needed to resolve horizontal variability in the column integral
with its 50 km scale; the column integral is what is retrieved for many chemical species.
While agreeing that the proper statistical characterization of small-scale fluctuations
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24 S. J. Hovde et al.

is important in this context, we emphasize that we find statistical multifractal scale
invariance. In the ‘vertical’, we see no difference in the scaling between the marine
boundary layer and the free troposphere, but the scaling exponent Hv for wind speed
does increase in the upper troposphere, showing correlations with jet stream proper-
ties, as does Hh in the ‘horizontal’. A further feature of our analysis is that it finds
numerical model-independent evidence as to whether molecular species, including
water, have values of H that are characteristically showing source (H>5/9), tracer
(H = 5/9) and sink (H<5/9) behaviours, something of potential utility in the study of
radiatively active species such as methane and carbon dioxide for surface sources and
sinks through their column abundance (Schneising et al. 2008, 2009), in addition to
water in all its phases and the photochemically active molecules such as ozone.

5. Conclusions

The ‘vertical’ scaling of temperature fluctuations from hundreds of dropsondes and
the ‘vertical’ scaling of temperature fluctuations from the aircraft ascents and descents
are in both cases significantly different from the fluctuations of wind speed and
humidity; this presumably demonstrates the overwhelming influence of gravity in
this coordinate. The ‘vertical’ results for the scaling of all three variables are simi-
lar between the sondes and the aircraft, while the ‘horizontal’ data from the aircraft
scale are significantly different from those in the ‘vertical’. The results apply through-
out the depth of the troposphere over a large area of the eastern Pacific Ocean of
the Northern Hemisphere. However, deviations from hydrostatic equilibrium under
gravity, although small, are significant. The coarse result is consistent with basic
derivations from both microscopic (e.g. Moelwyn-Hughes 1961) and macroscopic
(e.g. Gill 1982) points of view, resulting in a vertical conservation scaling exponent,
H1,v(T), close to but significantly less than unity. A second-order analysis yields
H2,v(T) = 1.07 ± 0.18. The deviations are small but significant, the associated vertical
accelerations being variable and intermittent (C1 ≈ 0.2).

The scaling behaviour in the vertical of the wind speed shows significant correla-
tion with both jet stream depth and vertical shear: a result paralleling the previously
reported behaviour (Tuck et al. 2004) in the horizontal in which a link emerges nat-
urally between the small-scale turbulent structure and the large-scale dynamics as
manifested in jet streams (Tuck 2008, 2010).

The ‘vertical’ results from the dropsondes for relative humidity and wind speed
have values of H1,v which are larger than the 3/5 predicted by the generalized scale
invariance theory and for which to our knowledge no reasonable explanation exists.
For the aircraft data, these were consistent with the sondes in the ‘vertical’ and
showed that scaling pertains, ratios of the ‘horizontal’ to the ‘vertical’ exponents
being approximately 5/9, within the limits of the measurements and corrections for
aircraft motion shown in Lovejoy et al. (2004) – which is the theoretical value from
the generalized scale invariance (Schertzer and Lovejoy 1985, 1987, 1991). The basic
statistical multifractal scaling is respected well enough that the vertical flux and cas-
cade structure is calculable and has been reported elsewhere (Lovejoy et al. 2009a).
Isotropic turbulence, in the sense of ‘vertical’ scaling exponents like those in the ‘hor-
izontal’, is never seen in this large data set, which is distributed over a wide area
of the eastern Pacific in the Northern Hemisphere, reinforcing earlier conclusions
from a smaller and more localized sample (Lovejoy et al. 2007). The mean values
from the dropsondes of the statistical multifractal ‘vertical’ exponents Hv, C1 and α
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Vertical scaling over the Pacific Ocean 25

for temperature, wind speed and humidity were H1,v{0.986, 0.768, 0.750}, C1{0.072,
0.088, 0.091} and α{1.70, 1.90, 1.85}, respectively. These average values of the three
scaling exponents provide a source describing the statistical characteristics of the ‘ver-
tical’ structure of the fluctuations of temperature, wind speed and humidity in the
marine atmosphere throughout the troposphere, which can serve as a generator of rep-
resentative probability distributions for retrievals of remotely sounded observations.
Since they correspond to statistical multifractal character, these probability distribu-
tions are non-Gaussian, with long tails corresponding to power-law behaviour. Like
their ‘horizontal’ counterparts, they are scale invariant, vitiating the selection of par-
ticular scales, either horizontal or vertical, in the design of satellite instruments and
their retrieval algorithms; further, variances do not converge. Humidity shows model-
independent evidence for the presence of sinks, a feature of the H exponent that
could be potentially useful if extended to source/sink analysis of column amounts
of long-lived, radiatively active gases such as methane and carbon dioxide.
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