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ABSTRACT4

The power law scale dependence, or scaling, of first order structure functions of the tropo-5

spheric water vapor field between 58○S and 58○N is investigated using observations from the6

Atmospheric Infrared Sounder (AIRS). Power law scale dependence of the first order struc-7

ture function would indicate that the water vapor field exhibits statistical scale invariance.8

Directional and directionally-independent first order structure functions are computed to9

assess the directional dependence of derived first order structure function scaling exponents10

(H) for a range of scales from 50 km to 500 km. In comparison to other methods of as-11

sessing statistical scale invariance, the methodology used here requires minimal assumptions12

regarding the homogeneity of the spatial distribution of data within regions of analysis. Ad-13

ditionally, the methodology facilitates the evaluation of anisotropy and quantifies the extent14

to which the structure functions exhibit scale invariance.15

The spatial and seasonal dependence of the computed scaling exponents is explored.16

Minimum scaling exponents at all levels are shown to occur proximate to the equator, while17

the global maximum is shown to occur in the middle troposphere near the tropical-subtropical18

margin of the winter hemisphere.19

From a detailed analysis of AIRS maritime scaling exponents, it is concluded that the20

AIRS observations suggest the existence of two scaling regimes in the extratropics. One21

of these regimes characterizes the statistical scale invariance the free troposphere with H22

approximately 0.55 and a second that characterizes the statistical scale invariance of the23

boundary layer with H approximately 1/3.24
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1. Introduction25

Generally speaking, a function f (r) exhibits scaling if it has power law dependence on r26

such that27

f (r) ∝ rα (1)

where α is called the scaling exponent. If the function f (r) is a scale dependent statistic28

of a spatially or temporally distributed field, then scaling is an indicator of the statistical29

scale invariance of the field. Hereafter, statistical scale invariance will be referred to as30

scale invariance as is commonly done in the atmospheric science literature. The scaling of31

atmospheric energy and temperature spectra across a wide range of scales has been well32

established in the literature (Nastrom and Gage 1985). In particular, Nastrom and Gage33

(1985) show that observed upper tropospheric wavenumber spectra of wind and temperature34

have a nearly universal form characterized by two scaling regimes. The first regime occurs35

within the mesoscale at length scales less than 400 km with a power law scaling exponent of36

-5/3, while the second regime occurs at scales greater than 400 km with a power law scaling37

exponent of -3.38

Several studies have investigated the scale dependence of water vapor variability and39

have shown the presence of scaling behavior in water vapor spectra. Nastrom et al. (1986)40

find that observed water vapor wavenumber power spectra measured by commercial aircraft41

in the upper troposphere and lower stratosphere follow an approximately -5/3 scaling for42

scales less than 500 km to 800 km, and that the spectra suggest the existence of a scale43

break to a steeper scaling at scales greater than 800 km. Tjemkes and Visser (1994) find44

that water vapor power spectra spectra computed from High-Resolution Infrared Sounder45
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(HIRS) measurements in the southern hemisphere storm track exhibit an approximately -5/346

wavenumber scaling in both the free troposphere and near surface across a wide range of47

scales. The scaling of trace gases as observed during the Pacific Exploratory Mission (PEM)48

has been characterized by Cho et al. (1999). They find that the wavenumber spectra of49

specific humidity have scaling exponents near -5/3 throughout the depth of the troposphere50

over scales ranging from 6 km to 60 km. Wood and Taylor (2001) show that water vapor51

power spectra from aircraft observations made below marine stratocumulus cloud layers52

exhibit scaling consistent with -5/3 at scales up to 80 km.53

There is a growing body of literature that suggests the presence of significant deviations54

from the -5/3 power spectra scaling suggested by the aforementioned results. Kahn and55

Teixeira (2009), hereafter KT09, use physical retrievals of water vapor profiles from the56

Atmospheric Infrared Sounder (AIRS) to compute a global climatology of variance spectra57

scaling exponents. In particular, they find that maximum values of the spectral scaling ex-58

ponents occur in the tropical mid-troposphere, and that scaling exponents show significant59

deviations from −5/3 behavior at scales ranging from roughly 100 km to 400 km. Addi-60

tionally, KT09 find evidence of a very weak scale break that occurs at scales larger that61

400 km in water vapor variance spectra, in contrast to the strong scale break they observe in62

coincident temperature variance spectra. Significant departures from -5/3 scaling behavior63

are shown by Lovejoy et al. (2010), who find aircraft observations of tropospheric humidity64

to be consistent with -2 wavenumber scaling from 4 km to 1000 km. Kahn et al. (2011) show65

that variance spectra for length scales between 10 km and 100 km computed from aircraft66

transects from the American Monsoon Systems Ocean-Cloud-Atmosphere-Land Study Re-67

gional Experiment (VOCALS-REx) exhibit vertical variability, with scaling exponents most68
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consistent with -5/3 scaling in the near surface and becoming steeper with height.69

If water vapor behaves as a passive scalar, and depending on the nature of atmospheric70

turbulence and the sources and sinks of water vapor, there are two theoretical spectra that71

may explain the observed spectra. The Obukhov-Corrsin spectrum predicts that passive72

scalars in locally isotropic turbulent flow will exhibit power spectra scaling with a -5/373

scaling exponent (Corrsin 1951). However, if water vapor acts as a passive scalar forced at74

large scales, dissipated at small scales, and transported by a two-dimensional velocity field,75

then in steady state the Batchelor spectrum predicts that wavenumber spectra of such a76

scalar field should follow a -1 scaling between the forced and dissipative scales (Batchelor77

1959; Pierrehumbert 1994). Based on the discussion of prior results, it seems that several78

of the studies suggest Obukhov-Corrsin type behavior, however, there are several reasons79

to question such an inference. First, the differences in horizontal and vertical tropospheric80

length scales suggest that the atmospheric flow field is not isotropic. Second, in several81

cases (Nastrom et al. 1986; Tjemkes and Visser 1994; Cho et al. 1999) the consistency with82

-5/3 scaling is confirmed based on comparison to reference spectra rather than explicitly83

computed scaling exponents, which limits the power of such conclusions. Finally, water84

vapor is a non-passive scalar interacting with atmospheric motions in a multiplicity of ways,85

including its role in large scale latent heat transport, its radiative effects as a greenhouse86

gas, and its enhancement of vertical motions through latent heat release in moist convection87

(Sherwood et al. 2010).88

It is the non-passive nature of water vapor which makes the scaling of water vapor spectra89

relevant to the subgrid scale representation of moist processes in GCMs and drives the need90

to further characterize the scale-dependent statistics of the water vapor field. Indeed, the91
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nonlinear coupling between water in its various phases and the atmospheric flow occurs at92

all scales of atmospheric motion. The problem of GCM parameterization is one of scale93

dependence, in that it seeks to couple the simulated climate system to processes operating94

at scales that cannot be directly resolved by the GCM dynamical core (e.g. Williams (2005)).95

The scaling of water vapor spectra offers a direct means of connecting small scale variability96

to large scale variability. Scaling has been proposed as a way of estimating the subgrid97

scale water vapor variability in GCMs as a basis for statistical cloud parameterization (e.g.98

KT09, Cusack et al. (1999)) and as a means of comparing GCM representation of the spatial99

variability water vapor to observed variability (Kahn et al. 2011). Despite the potential100

utility of observations of scale invariance in climate model development and verification, few101

studies have characterized the climatology of the scale invariance of the water vapor field.102

Scaling of atmospheric spectra have been used to assess climate simulations. Kahn et al.103

(2011) use variance spectra computed from AIRS physical retrievals and aircraft observations104

from VOCALS-REx to investigate the consistency between water vapor variance spectra ob-105

tained from observations, free-running climate GCMs, and meteorological reanalyses. Their106

investigations suggest that reanalysis spectra provide better agreement with AIRS observed107

spectra than GCM spectra. However, in each case the spectral scaling exponents of modeled108

variance spectra are appreciably larger than observed exponents.109

In this paper we compute first order structure function scaling exponents for physical110

retrievals of water vapor mixing ratio obtained from AIRS. The goals of this paper are to111

develop a methodology for estimating and interpreting the scaling exponents of water vapor112

structure functions that also considers the validity of underlying assumptions and the quality113

of the empirically derived scaling and to apply this methodology to investigate seasonal vari-114
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ations in the retrieved water vapor field from AIRS. Compared to existing approaches, this115

methodology introduces greater confidence in the computed exponents and places inferences116

of universality drawn from these results on a stronger empirical foundation. This paper will117

proceed by discussing the definition of the structure function in the second section, the AIRS118

data set in the third section, the computation of directionally-independent and directional119

structure function scaling exponents in the fourth section, and the climatology of scaling120

exponents in the fifth section. In the sixth section the results are discussed in the context of121

the qualitative features of the water vapor field, and a summary and final remarks are given122

in the seventh section.123

2. Structure Functions and Scaling124

Most often the scale invariance of observed atmospheric data sets is determined through125

linear fits to log-log power spectra (log spectra versus log wavenumber) (Nastrom and Gage126

1985; Nastrom et al. 1986; Tjemkes and Visser 1994; Cho et al. 1999) or through linear127

fits to log-log structure functions (log structure function versus log scale)(Pierrehumbert128

1996; Marshak et al. 1997; Stolle et al. 2009). In this paper we employ a structure function129

methodology. The q-th order generalized structure function of a one-dimensional spatially130

varying field φ (x) is given by131

Sq (r) = ⟨∣φ (xi + r) − φ (xi)∣
q
⟩ (2)

where ⟨⟩ indicates an ensemble mean taken over all pairs of points (xi, xi + r) separated132

by a distance r. The difference inside of the absolute value is typically referred to as an133
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increment of the field φ and is denoted as ∆φ. The q-th order structure function therefore134

describes the scale dependence of the expected values of the q-th moment of increments of135

the field φ. In practice, because of the finite size of observational data sets, the ensemble136

mean in Equation 2 is approximated by the arithmetic mean over a finite the set of observed137

increments ∆φ. The Weiner-Khinchin theorem permits the second order structure function138

scaling exponent to be related to the Fourier power spectra exponent through the relation139

β = −(α2 + 1) (3)

where β and α2 are the exponents of the Fourier power spectra and second order structure140

function, respectively.141

In this paper, we compute only the first order structure function scaling exponent, which142

we refer to as α. The primary reason for analyzing the first order structure function, rather143

than the second order, is that higher order structure functions are more susceptible to the144

effects of finite empirical data sets when approximating the ensemble mean in Equation 2145

by an arithmetic mean. For some fields whose structure functions of various orders exhibit146

power law scaling, the scaling exponents of various orders of structure function can be related147

by the expression148

αq = qα (4)

where αq is the q-th order structure function scaling exponent and q is the order of the149

structure function. In this case, the field is monofractal, and a single scaling exponent is150

sufficient to completely characterize the scaling of all orders of its structure functions. Fields151

that exhibit structure function scaling but do not have this property are called multifractal or,152

synonymously, are said to exhibit anomalous scaling. Many atmospheric fields are known153
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to exhibit a more complex relationship among the scaling exponents than that given by154

Equation 4 (e.g. Pierrehumbert (1996); Marshak et al. (1997); Stolle et al. (2009); Cho et al.155

(2000)). Cho et al. (2000) considered the mesoscale scaling of water vapor structure functions156

of order 0.5 through 10 as observed by a relatively small number of aircraft flights in the157

boundary layer and free troposphere. Their findings suggest that, despite clear evidence158

of anomalous scaling, the approximation described in Equation 2 will provide only a small159

overestimate (< 0.1) of β. This suggests that α2 ≈ 2α. Therefore, β can be related to α160

through Equation 3 by161

β ≈ −(2α + 1) (5)

as in KT09. To afford comparison to the rather limited prior results, conversion will be made162

between β and α using Equation 2 when necessary. Independent of the approximation made163

in Equation 2, α provides considerable descriptive information about spatial correlations in164

the field φ.165

The first order structure function scaling exponent (α) provides an efficient means of166

characterizing the spatial correlative structure of the observed field as an empirical approxi-167

mation to the Hurst exponent (H), which is widely used to characterize stochastic processes168

(Hurst 1956). Stochastic processes with H > 1/2 exhibit long range correlations and thus169

the increments of the processes exhibit persistence, in the sense that positive (negative)170

increments are expected to be followed by further positive (negative) increments. Random171

processes with H < 1/2 do not exhibit long range correlation and the increments of the172

process are antipersistent in the sense that a positive (negative) increment is expected to173

be followed by a negative (positive) increment. The Hurst exponent (and, therefore, the174
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first order structure function exponent) of a one-dimensional random process is related to175

the fractal dimension D by D = 2 −H. Therefore, H characterizes the degree to which the176

random process fills space. Qualitatively, processes that are more space filling, as indicated177

by a larger fractal dimension D but smaller Hurst exponent H, are characterized by having178

a generally rougher appearance (Feder 1988). In the discussion that is to follow we will179

assume that H = α. In order to emphasize their equivalence, throughout the remainder of180

this paper we will denote first order structure function scaling exponents by H.181

For illustrative purposes, examples of two synthetic Gaussian random processes having182

Hurst exponents of 0.3 and 0.7 are shown in Figure 1, and computed structure functions and183

fitted power laws for each random process are shown in the inset plots. The random processes184

were generated using the circulent matrix method described by Wood and Chan (1994). It is185

clear from the inset structure function plots that both process are characterized by structure186

functions with power-law behavior and that the process with H = 0.3 has a rougher, more187

space filling appearance, which is characteristic of processes with antipersistent increments,188

while the process with H = 0.7 has a distinctly less space filling and smoother appearance189

that is characteristic of processes with persistent increments and long range correlations.190

In this paper, structure function scaling exponents H are computed from water vapor191

retrievals from AIRS. Computation and subsequent interpretation of first order structure192

function exponents estimated from two-dimensional data require the directional dependence193

of the structure function exponents to be addressed. Unlike time series, which vary only in194

the temporal dimension, two-dimensional spatially distributed fields may exhibit directional195

anisotropy resulting in directionally dependent structure functions and scaling exponents.196

The methodology described herein seeks to investigate the climatology of directionally inde-197

9



pendent and directionally dependent structure function scaling exponents.198

3. The AIRS/AMSU Dataset199

The AIRS/AMSU instrument suite combines AIRS, a high spectral resolution infrared200

spectrometer, with the Advanced Microwave Sounding Unit (AMSU) to retrieve the vertical201

profiles of tropospheric water vapor and temperature. The AIRS/AMSU instrument suite202

is onboard NASA’s sun-synchronous Earth Observing Satellite Aqua (0130 and 1330 local203

equator crossing times) and collects twice daily observations over most of the planet. AIRS204

provides physical retrievals of vertical profiles of water vapor mass mixing ratio (qv) in205

scenes with up to 70% fractional cloudiness (Aumann et al. 2003). The vertical resolution of206

AIRS water vapor profiles are dependent on the local meteorological conditions. Maddy and207

Barnet (2008) estimate that the average vertical resolution is less than or equal to 3 km for208

all levels below 300 hPa based on analysis of AIRS empirical averaging kernels. Retrievals209

in partially cloudy scenes are achieved through a cloud clearing methodology as described210

by Susskind et al. (2003). This methodology combines single AMSU fields of view (FOV)211

with 3 × 3 grids of spatially coincident AIRS FOVs to produce cloud cleared radiances used212

for the subsequent retrieval process.213

The spatial resolution of the AIRS data determines the smallest separation r for which214

we can compute structure functions, and hence it also sets the lower bound on the range of215

length scales for studies of scaling using these observations. The actual spatial resolution216

of AIRS observations depends upon the scan geometry and upon atmospheric conditions.217

Both AIRS and AMSU are cross-track scanning instruments, and therefore the horizontal218
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spatial resolution degrades from a nominal 45 km-wide footprint (the areal projection of the219

instrument aperture on the Earth’s surface) at nadir to a 150 km-wide footprint at the ex-220

tremes of the scan lines (Aumann et al. 2003). Furthermore, the cloud clearing methodology221

eliminates some fraction of the 9 AIRS coincident FOVs per AMSU FOVs that are impacted222

by cloudiness, thereby making the effective resolution for each retrieval dependent on cloud223

fraction (Susskind et al. 2003).224

AIRS physical retrievals have been the subject of several validation studies, including225

comparisons against Atmospheric Radiation Measurement (ARM) site observations (Tobin226

et al. 2006), dropsondes (Pu and Zhang 2010), radiosondes (Hagan et al. 2004; Divakarla227

et al. 2006), and aircraft measurements (Hagan et al. 2004; Gettelman et al. 2004). Validation228

studies have shown that AIRS performs to within the design error tolerance of less than 20%229

RMS error for water vapor mass mixing ratio observations. See KT09 for a more detailed230

discussion of AIRS validation.231

For this study we use physical retrievals of water vapor mass mixing ratio from the AIRS232

Version 5 Level 2 Standard Product for December, January and February (DJF) in 2007 and233

2008 and June, July and August (JJA) in 2008. Structure functions for ascending (daytime)234

and descending (nighttime) overpasses are computed separately in order to quantify the235

sensitivity of scaling to diurnal variations. Gettelman et al. (2004) have shown that AIRS236

loses sensitivity above 200 hPa where water vapor concentrations fall to less than 10 ppmv.237

Therefore, we limit the range of this study to pressure levels between 1000 hPa and 300 hPa238

to ensure the accuracy of the results. The AIRS data are quality controlled using the PGood239

quality indicator, which identifies retrievals that are of sufficient quality for statistical climate240

studies but may not be suitable for assimilation (Olsen et al. 2007). Negative water vapor241
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mixing ratio retrievals are excluded from the analysis. Additionally, as suggested by Olsen242

et al. (2007), we require that the estimated standard error of the retrieval be less than 50%243

of the retrieved value. In order to minimize any bias towards dry conditions in the data244

set, no additional cloud masking is used in this study beyond the cloud screening already245

employed in the AIRS retrieval process.246

Figures 2 and 3 show the AIRS three month mean water vapor retrievals for ascending247

(daytime) and descending (nighttime) overpasses at 925 hPa and 500 hPa, respectively. In248

order to conform with the AIRS pressure level convention, quantities reported on pressure249

levels in this paper represent the mean values of those quantities between the stated level and250

the adjacent level above (in physical space). For example, water vapor retrievals reported251

at 925 hPa represent the mean water vapor mixing ratio between 925 hPa and 850 hPa. At252

both pressure levels the maximum values of water vapor mixing ratio occur in the ascending253

branch of the tropical circulation. At 500 hPa there is evidence of a subtropical minimum254

of water vapor mass mixing ratio associated with the subsidence branch of the mean Hadley255

circulation. There is a decrease in water vapor mixing ratio away from the tropics, which256

can be directly associated with the dependence of saturation mixing ratio on temperature257

as predicted by the Clausius-Clapeyron equation.258
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4. Computation of Structure Functions and Scaling Ex-259

ponents from AIRS Data260

For an arbitrary scalar field φ (x) of a two-dimensional argument x ∈ R2 the first order261

generalized structure function is given by262

S1 (x, r;φ) = ⟨∣φ (x + r) − φ (x)∣⟩ (6)

where ⟨⟩ indicates an ensemble mean taken across all pairs of points (x + r,x) for a large263

number of realizations of the field φ (x). The structure function exhibits scaling in a direction264

θ = arccos (r⋅x)∣∣r∣∣∣∣x∣∣ if265

S1 (x, r;φ) ∝ ∣∣r∣∣
α(x,θ) (7)

where α (x, θ) is the power law scaling exponent at x in the direction θ.266

If the field exhibits statistical spatial homogeneity and isotropy, then Equation 6 loses267

dependence on the orientation of position x and separation r and can be simplified to268

S1 (r;φ) = ⟨∣φ (x + r) − φ (x) ∣⟩ (8)

where the ensemble mean ⟨⟩ is now taken over all points separated by a lag distance r = ∣∣r∣∣.269

In this case, the field exhibits scaling of the first order structure function if270

S1 (r;φ) ∝ rα. (9)

Recall that α (whether directionally dependent or independent) is considered to be equivalent271

to the Hurst exponent H in our analysis.272

Previous analysis of variance scaling of the AIRS observed water vapor fields has implic-273

itly assumed that the variance field is homogeneous and isotropic at scales of up to 12○ × 12○274

13



in latitude and longitude (KT09). In order to quantify the anisotropy of structure function275

scaling we compute three separate structure functions. One structure function is computed276

from increments regardless of direction (directionally independent), a second from incre-277

ments that are oriented in the direction of the satellite track (along-track), and a third for278

increments that are oriented normal to the satellite track (across-track). The along-track di-279

rection is oriented in a North-South direction as the ascending (descending) equator crossing280

occurs with an angle of 8○ west of North (8○ east of South).281

Structure functions and scaling exponents are computed for overlapping domains centered282

every two degrees globally from 58○S to 58○N. The domains extend 12○ × 12○ in latitude283

and longitude at the equator and increase in longitudinal width away from the equator in284

order to keep the area of the domain approximately constant. The choice of domain size285

ensures that there are a sufficient number of increments of each lag distance to provide an286

approximation of the ensemble mean. Structure functions are computed by binning water287

vapor increments by lag distance r, where the lag distance for an increment is defined as288

the great circle distance between the locations of the retrievals composing the increment.289

Increments are accumulated for the entire period of analysis and are used to compute a290

single structure function for each domain. Structure functions are computed over a range291

of lag-distance bins that are non-overlapping and centered every 50 km between 50 km292

and 500 km inclusive. Figure 4 shows example along-track, across-track, and directionally293

independent structure functions. For the directionally-independent structure functions all294

increments, independent of direction, are binned by lag-distance, while in the case of cross-295

track (along-track) structure functions only increments which are normal (parallel) to the296

satellite ground track are binned. Finally, the arithmetic mean is computed for each bin297
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in order to approximate the structure function. Structure function scaling exponents are298

determined by least squares fit to the log-log structure function between 50 km and 500 km.299

The range of scales has been selected to avoid relatively weak scale-breaks which had been300

observed in previous studies (KT09).301

The exponent for each domain is then gridded according to the latitude and longitude302

of the domain center and plotted as a map. It is important to note that the exponents303

computed for each domain are estimated using data which are also used to compute scaling304

exponents for adjacent partially overlapping domains, and hence the exponents plotted on305

each map are not truly independent for separations smaller than half of the domain size.306

In order to analyze the climatology of structure function scaling exponents it is necessary307

to identify structure functions exhibiting power law scale dependence. Two methods for308

identifying structure functions with power law scaling have been tested. The first method309

identifies structure functions as scaling when the ratio of the width of the linear regression310

slope parameter confidence interval to the regression slope itself is within an empirically-311

determined percentage threshold (Tuck 2010). Due to the small number of degrees of freedom312

in the regression (the number N of lag distances − 2), and since the width of the confidence313

interval is proportional to 1/
√

N − 2, this test tends to reject a large number of log-log314

structure functions for reasonable choices of the confidence interval width despite satisfactory315

linearity over the scaling range. We have considered an alternate method based upon setting316

an ad hoc lower bound on the coefficient of determination (R2
). This is mathematically317

equivalent to setting a minimum amount of the variance of the log-log structure function318

that is required to be explained by the linear regression in order for the structure function to319

be deemed as scaling. Tests have shown that the second method is successful in identifying320
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scaling structure functions, and we adopt this alternate method with a lower bound on R2
321

of 0.95 for the remainder of our analysis.322

As previously mentioned, this study involves two periods of analysis, the first in boreal323

winter during December, January, and February of 2007 and 2008 and the second in boreal324

summer during June, July, and August of 2008. Over each period, increments are computed325

from each day’s data. Then, the increments obtained on each day are combined to compute326

a single structure function for the entire three month period for each 12○ × 12○ domain.327

Combining increments over the entire period to compute a single structure function and328

scaling exponent requires the assumption that the increments are being sampled from a329

temporally statistically stationary field. It was found that a three month analysis period330

provided sufficient sampling to allow robust estimation of the ensemble means required by331

the structure functions.332

5. Results333

a. Maps of Scaling Exponents334

Maps of structure function scaling exponents (H) over scales ranging from 50 km to335

500 km computed from AIRS water vapor mass mixing ratio retrievals for the 500 hPa and336

925 hPa levels for DJF 2007/2008 and JJA 2008 are shown in Figures 5 and 6, respectively.337

The scaling exponents for each 12○ × 12○ domain have been plotted regardless of the R2
> 0.95338

quality of fit criterion. However, regions for which the R2
> 0.95 quality of fit criterion is not339

met are indicated with black hatching. The near absence of hatching in the directionally-340
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independent and across-track maps (the left two columns of Figures 5 and 6) suggests the341

presences of nearly ubiquitous structure function scaling. The exceptions to the nearly342

ubiquitous scaling of directionally-independent and across-track structure functions occur343

primarily in a few regions of the deep tropics for both 500 hPa and 925 hPa and at the344

northern and southern extremes of the domain of analysis for the 925 hPa level. The along-345

track scaling exponent maps indicate similar behavior for the along-track structure function346

in the subtropics and midlatitudes with nearly ubiquitous scaling behavior, but suggest the347

occurrence of widespread departures from structure function scaling in the tropics where the348

R2
> 0.95 criterion is not met. The maps also suggest that there is a slight diurnal variation349

in the aerial coverage of the hatched regions, with the largest areal coverage occurring for350

the ascending (daytime) overpasses.351

The coloration of the maps shown in Figures 5 and 6 has been intentionally selected to352

draw clear distinction between H < 0.5 and H > 0.5 scaling behavior. Cool colors are used to353

indicate H < 0.5 behavior and warm colors are used to indicate H > 0.5 behavior. It is then354

apparent that the most dominant feature of the maps is the distinction that can be made355

between the H > 0.5 behavior at 500 hPa and the H < 0.5 behavior at 925 hPa that is clearly356

apparent in the subtropics and midlatitudes. Additionally, in the directionally-independent357

and across-track cases, it is evident that a second obvious distinction can be made between358

equatorial scaling exponents with H > 0.5, on one hand, for subtropical and midlatitude359

exponents and H < 0.5 for tropical scaling exponents, on the other.360

The similarities between directionally-independent, along-track and across-track scaling361

exponent maps for each case (across each row in Figures 5 and 6) suggest that the scaling362

is approximately isotropic, particularly outside of the tropics. Comparing the ascending363
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(daytime) and descending (nightime) maps suggests the presence of some diurnal variation364

in scaling exponents, with larger diurnal variation of directional scaling exponents than of365

directionally-independent scaling exponents. Comparing the maps in Figure 5 with those in366

Figure 6 indicates that there is strikingly little seasonal variability in the scaling exponent367

maps, with the general qualitative features remaining very similar between DJF and JJA.368

The most notable and obvious exception to the limited seasonal variation is the region of369

H < 0.5 at 500 hPa that appears in conjunction with the South Asian Monsoon during JJA.370

Additionally, the maps provide some evidence of a slight shift southward of the tropical371

H < 0.5 region at 500 hPa from DJF to JJA.372

Very few studies have considered the spatial variability of scaling exponents. Therefore,373

there are a limited number of prior analyses to which these results can be compared. KT09374

show maps of AIRS variance spectra scaling exponents on the 850 hPa and 300 hPa lev-375

els for two seasons, MAM and SON, making direct comparison to these results difficult.376

Nonetheless, the most obvious distinction between the maps shown here and those in KT09377

is the lack of a distinct equatorial minimum in scaling exponents as has been observed here.378

However, the results do confirm the findings of KT09 and Lovejoy et al. (2010) that there379

are significant departures from the H ≈ 1/3 (β = −5/3) behavior described by Nastrom et al.380

(1986) and Tjemkes and Visser (1994) across a similar range of scales as those reported381

here.382
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b. Zonal Mean Cross Sections383

The zonal symmetry evident in the maps of scaling exponents shown in Figures 5 and 6384

suggests the appropriateness of computing zonal means. Figure 7 shows zonal mean cross385

sections of maritime directionally-independent (left column), along-track (center column),386

and across-track (right column) scaling exponents computed for all AIRS layers between387

1000 hPa and 300 hPa. The computation of zonal means has been limited to include only388

those exponents from maritime structure function domains (those having a land fraction less389

than 0.1) in order to avoid the effects of varying surface topography on the lower tropospheric390

zonal means, and hence are referred to as maritime zonal means. Additionally, in order to391

only include domains for which there is evidence of structure function scaling, only domains392

for which the R2
> 0.95 quality of fit criterion is met are included in the computation of393

the zonal mean. Therefore, latitudes for which the R2
> 0.95 criterion is not frequently met394

should be interpreted with substantial caution. We note that that the systematic breakdown395

of scaling of the along-track structure function in proximity to the equator is a robust feature396

at all pressure levels, and thus caution against attempts at interpretation of zonal means397

of along-track structure function scaling exponents within 15○ of the equator at all pressure398

levels.399

As with the maps shown previously, the coloration of the zonal mean cross sections shown400

in Figure 7 has been selected in order to draw a clear distinction between H < 0.5 and H > 0.5401

scaling behavior. It is apparent from the plots that H > 0.5 characterizes the water vapor402

field in the midlatitude, subtropical, and non-equatorial tropical free troposphere at levels403

above 850-700 hPa and that H < 0.5 characterizes the water vapor field in the near surface404
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and in the equatorial tropics at all levels. The location of the maximum zonal mean scaling405

exponent for each case is indicated with a black cross in Figure 7, and typically occurs in406

the winter hemisphere near the margin between the tropics and subtropics at the 400 hPa or407

500 hPa level. Poleward of 20○ in each hemisphere the zonal mean directionally-independent408

and directional scaling exponents are similar, but the directional structure functions tend to409

be slightly larger than their directionally-independent counterparts.410

There is clear evidence of diurnal variation in the near surface, which is apparent in411

Figure 7 as a downward migration of the 0.4 contour line between the ascending (daytime)412

and descending (nighttime) cases. The diurnal variation is approximately hemispherically413

symmetric for DJF, but during JJA the diurnal variation appears stronger in the northern414

hemisphere. We also note that the zonal mean directional structure functions exponents415

have a larger diurnal variation in the free troposphere than the directionally-independent416

structure function exponents. The causes of this difference are unknown. The amplified417

diurnal variation of directional scaling exponents is largest in the across-track direction, and418

appears to mostly be related to increases in ascending pass (daytime) exponents leading to a419

larger apparent anisotropy for ascending pass exponents. Whatever the cause of the daytime420

anisotropy, by comparison the descending pass zonal means are indicative of considerably421

more isotropic conditions. Inspection of the 0.5 contour lines in Figure 7 shows that they do422

not undergo the same downward shift observed for the 0.4 contour lines. This suggests that,423

despite the observed diurnal variations in exponents, the relative apportionment of H < 0.5424

and H > 0.5 fractional area coverage does not undergo a significant variation.425

The diurnal cycle evident in the maritime zonal mean scaling exponents on the 1000 hPa426

and 925 hPa levels appears as a shift from values near 1/3 during the daytime to values427
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closer to 0.4 at night (this is particularly evident in the probability density estimates shown428

in Figure 9, which will be discussed in more detail later), which is similar to the variation429

of scaling exponents across the top of the planetary boundary layer. Pressel et al. (2010)430

show that water vapor variance spectra observed at the 396 m level of a tall tower display431

a nocturnal increase in scaling exponents reminiscent of that evident in the AIRS zonal432

means. Similarly, Kahn et al. (2011) show water vapor variance spectra scaling exponents433

of 0.32 for VOCALs-REx flight segments below 700 m, with exponents increasing to 0.45434

above 3000 m at scales ranging from 10 km to 100 km. Additionally, Cho et al. (2000) found435

a similar vertical variability at scales up to 100 km with scaling exponents varying from436

values near 0.25 in the boundary layer to higher free tropospheric values of 0.37 and 0.44 in437

the tropics and extratropics, respectively. Given these corroborating results, it is tempting438

to explain the AIRS observed diurnal variations as the results of diurnal variations in the439

planetary boundary layer. However, the vertical resolution of AIRS retrievals is dependent on440

the atmospheric vertical temperature gradient, which within the boundary layer undergoes441

significant diurnal variation and precludes a simple interpretation of the diurnal variation of442

boundary layer scaling exponents in terms of variations in boundary layer structure.443

AIRS effective averaging kernels are a means of quantifying the retrieval vertical resolu-444

tion (Maddy and Barnet 2008). Effective averaging kernels are included in the AIRS Level445

2 support product. The effective averaging kernels provide a measure of the vertical correla-446

tion in retrieved properties and hence provide a means of estimating the vertical extent over447

which a retrieval at a particular level exhibits sensitivity (Maddy and Barnet 2008). The448

empirical averaging kernels do not necessarily sum to unity and significant departures from449

unity indicate dependence on the first guess used in the AIRS retrieval and loss of instrument450
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sensitivity. Figure 8 shows mean averaging kernels for 2○ latitude longitude boxes centered451

at (31○N,90○W), (0○N,0○W), and (30○N,50○W), which we use to represent the qualitative452

characteristics of subtropical land, tropical ocean, and subtropical ocean averaging kernels453

respectively. The mean averaging kernels represent the arithmetic mean of averaging kernels454

for the 925 hPa, 700 hPa, and 500 hPa AIRS layers for all water vapor retrievals within455

the 2○ latitude-longitude box during the DJF and JJA periods. In order to characterize the456

diurnal variation of AIRS vertical resolution and sensitivity, separate mean averaging kernels457

are reported for ascending and descending passes.458

The mean averaging kernels in Figure 8 are intended to provide qualitative insight into459

the vertical resolution of the AIRS retrievals; more quantitative analysis would be useful460

but is not required to support the primary effects summarized here. There are two primary461

features to note in Figure 8. First, there is a greater difference between ascending and462

descending pass mean averaging kernels at 925 hPa than at the other two levels. The shift463

to smaller values of the averaging kernel at night indicates a decrease in AIRS sensitivity464

from day to night. The change in sensitivity is likely related to diurnal variations in the465

lower tropospheric temperature profile. The nocturnal decrease in sensitivity appears to be466

more significant over land than over sea. Given that diurnal variations in the depth of the467

maritime boundary layer are typically rather small, we speculate that the observed diurnal468

variation in scaling exponents is a result of changes in the sensitivity of AIRS to variations469

in the near surface water vapor field. Second, it is apparent that the mean averaging kernels470

for the 700 hPa layer, which remain greater than zero below 925 hPa, suggest that for all471

cases water vapor retrievals are sensitive to water vapor fluctuations in the near surface.472

This suggests that the slow increase in mean scaling exponents from the near surface to the473
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free troposphere that is evident in Figure 8 is likely related to the finite vertical resolution474

of AIRS and that AIRS profiles lack the vertical resolution necessary to resolve any abrupt475

transition that may occur at the top of the boundary layer. The 500 hPa averaging kernels476

appear to be predominantly independent of water vapor variations below 850 hPa, suggesting477

that 500 hPa retrievals are representative of the free troposphere.478

c. Probability Density Estimates and Universality479

The averaging kernels shown in Figure 8 suggest that the relatively smooth vertical480

variation in scaling exponents evident in the zonal mean cross-sections between the near481

surface (1000 hPa and 925 hPa) and the free troposphere (500 hPa, 400 hPa, and 300 hPa)482

may be the result of an inability of the AIRS retrievals to resolve abrupt transitions at483

the top of boundary layer. We therefore separate the remainder of the analysis into two484

distinct scaling regimes that the averaging kernels suggest are largely independent and are485

representative of the free troposphere and near surface. We take exponents computed on the486

500 hPa and 925 hPa levels to be representative of the free troposphere and near surface,487

respectively. Given that the averaging kernels shown in Figure 8 suggest that the 925 hPa488

level exhibits mean diurnal thermodynamic variability, which is likely the source of changes in489

the instrument sensitivity, we will henceforth refer to the 925 hPa level as being representative490

of the boundary layer regime.491

Probability density estimates of directionally independent maritime extratropical (pole-492

ward of 20○N and 20○S) scaling exponents from domains with nearly isotropic scaling and493

satisfying the R2
> 0.95 quality of fit criterion are shown in Figure 9 for the 925 hPa and494
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500 hPa levels. Similar to the zonal means shown previously, the PDFs are computed from495

only maritime exponents. In order to limit the analysis to domains with nearly isotropic496

scaling, we require that the difference between along- and across-track scaling exponents497

be no more than 10% of the directionally-independent scaling exponent. Sensitivity tests498

suggest that both the distribution shape and statistics are relatively insensitive to the value499

of the anisotropy threshold over a range from 5% to 50%. Constraining the current analysis500

to nearly isotropic maritime extratropical scaling exponents serves two purposes: first, to501

remove the effects of topographic heterogeneities from the analysis and, second, to limit502

the effects of anisotropic scaling on the interpretation of directionally-independent expo-503

nents. Table 1 summarizes statistics of the exponent distributions shown in Figure 9 and504

also gives the percentage of maritime extratropical structure function exponents exhibiting505

nearly isotropic scaling. The table indicates that, with the exception of the DJF 925 hPa as-506

cending case, the majority of extratropical structure function domains exhibit directionally-507

independent structure function scaling exponents. Therefore, density estimates shown in508

Figure 9 summarize the frequency distribution of structure function exponents for which509

there is strong evidence of scaling behavior (based on the R2 criterion) and strong evidence510

of directionally-independent scaling exponents (based on the anisotropy threshold), condi-511

tions which characterize a large portion of the atmosphere.512

The density estimates for the 925 hPa level, which are representative of the boundary513

layer regime, are shown in the left panel of Figure 9. The displacements between solid and514

dashed lines of the same color are indicative of the diurnal variation in scaling exponents. Re-515

sults of the averaging kernels analysis suggest that AIRS is most sensitive to boundary layer516

water vapor during ascending passes, and hence we will limit our discussion of the boundary517
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layer scaling exponent frequency distributions to ascending (daytime) passes. The density518

estimates of daytime boundary layer regime estimates are unimodal with a peak occurring519

very near 1/3 (β= −5/3) for both DJF and JJA. The 95% bootstrapped confidence interval520

reported in Table 1 for DJF and JJA mean scaling exponents (H̄) are 0.333 ≤ H̄ ≤ 0.337 and521

0.332 ≤ H̄ ≤ 0.336 respectively. The bootstrapped confidence intervals are perhaps optimisti-522

cally small as the scaling exponents are computed for structure function domains that are523

partially overlapping and hence not entirely independent. Nevertheless, we argue that given524

the independence of the DJF and JJA results, there is high confidence that H̄ is near 1/3525

over a range of scales from 50 km to 500 km.526

There are relatively few studies that investigate scaling of water vapor over the range of527

scales from 50 km to 500 km to which the H̄ ≈ 1/3 result can be compared. Perhaps the528

best comparison is to the results of KT09, who show near surface variance spectra scaling529

exponents to be roughly consistent with the H̄ ≈ 1/3 behavior shown here and are similarly530

found to be consistent with the findings of Tjemkes and Visser (1994). Other studies have531

shown similar statistical scaling behavior, albeit over length scales typically shorter than532

100 km (e.g. Cho et al. (2000); Wood and Taylor (2001); Comstock et al. (2005); Kahn et al.533

(2011)). These earlier results, taken in conjunction with the new results, appear to present534

building evidence of nearly universal H = 1/3 scaling at scales from below 50 km to 500 km535

in the boundary layer.536

Scaling exponent density estimates for the 500 hPa level, which are taken to be repre-537

sentative of the free tropospheric regime, are shown in the right panel of Figure 9. The free538

tropospheric regime density estimates peak at 0.5. Table 1 shows that based on the boot-539

strapped 95% confidence interval, H̄ likely lies in the range 0.546 ≤ H̄ ≤ 0.562 for all cases,540
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including both ascending and descending overpasses in DJF and JJA. Like the boundary541

layer regime, there is remarkably little seasonal variation in the observed exponents, which542

lends confidence in the precision of the result.543

As in the boundary layer regime, there are relatively few results to which the free tropo-544

spheric regime results can be compared. These results confirm the general results of KT09,545

who report variance scaling exponents as large as 0.5-0.6 in some areas of the subtropical546

free troposphere. Moreover, the results reported here are found to support the results of547

Lovejoy et al. (2010), who estimated H = 0.51 for the free tropospheric humidity field. The548

free tropospheric regime results are found not to agree with the free tropospheric results of549

Nastrom et al. (1986) or Tjemkes and Visser (1994), who report scaling exponents that are550

more consistent with H ≈ 1/3 behavior.551

6. Discussion552

As is evident in Figure 1, the behavior of fields characterized by H > 0.5 and those553

characterized by H < 0.5 are tangibly different. Therefore, it is prudent to ask if there are554

qualitative features for of the observed field that can provide a mechanistic explanation the555

vertical and horizontal distributions of exponents observed by this study. Structure functions556

are computed from spatial increments of the instantaneous water vapor field, hence the three557

month means shown in Figures 2 and 3 are not particularly useful for interpreting structure558

function behavior. Therefore, in Figure 10 are shown maps of water vapor mixing ratio from559

a single day’s ascending passes for the 500 hPa and 925 hPa levels. These maps are taken560

to be representative of the instantaneous water vapor field. The quantity plotted in Figure561
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10 is the logarithm of the normalized water vapor mass mixing ratio, where the mixing ratio562

has been normalized by its global maximum value for each level. This normalization allows563

the plots to share a common colorbar and makes extratropical spatial gradients more visible.564

The two days shown in Figure 10 were not selected for any particular purpose other than to565

offer an example of the instantaneous water vapor field for both winter and summer seasons.566

The left two panels of Figure 10 show the 500 hPa water vapor field. Perhaps the most567

striking features of the 500 hPa field are the filamentary structures that extend from the568

deep tropics into the midlatitudes. The filamentary structures are emblematic of large scale569

two-dimensional chaotic mixing (e.g. Pierrehumbert and Yang (1993); Yang and Pierrehum-570

bert (1994)). Yang and Pierrehumbert (1994) show that chaotic mixing processes in the free571

troposphere rapidly generate a wide spectrum of moisture filaments, and that within the mid-572

latitudes these filaments lead to a fractal (i.e. H¿0) moisture field. They show that moisture573

filaments are initially generated by extrusion of moist air from the tropics through a partially574

permeable tropical mixing barrier. Within the tropics they show that the impediment to575

rapid exchange of moist tropical air with drier extra tropical air presented by the mixing576

barrier lead to a more homogeneous tropical water vapor field that does not exhibit fractal577

behavior (i.e. H = 0). Our results are largely consistent with both of these results, as we578

have shown clear H > 0 behavior throughout the extratropics that is clear evidence of fractal579

behavior. Additionally, we have shown a marked decrease in directionally-independent and580

across track scaling exponents in the tropics in conjunction with a systematic breakdown of581

along track structure function scaling.582

We propose that the spectrum of filaments generated by chaotic mixing is responsible583

for the H > 0.5 free tropospheric behavior observed in this study. Chaotic mixing has been584
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identified as important in determining the scaling of stratospheric scalar spectra (e.g. Haynes585

and Vanneste (2004)). Additionally, filamentary structures similar to those apparent in the586

water vapor field have been described in stratospheric scalar fields (e.g. Waugh (1996)) and587

numerous studies have shown these fields exhibit H ≈ 1/2 scaling behavior at scales from588

50 km to 500 km (e.g. Tuck and Hovde (1999),Tuck et al. (1999),Sparling and Bacmeister589

(2001)). In particular, Tuck and Hovde (1999) estimate H for stratospheric ozone field and590

found its mean, H̄ = 0.56, which is strikingly similar to the values for H̄ reported for the591

water vapor field given in Table 1.592

Considering the boundary layer regime, for which relevant instantaneous water vapor593

fields are shown in the right most panels of Figure 10, it is evident that while the boundary594

layer water vapor field is not completely devoid of filamentary type structures, they are595

considerably less distinct. This is likely a result of the fact that the existence of large scale596

gradients in the boundary layer water vapor field, similar to the gradients observed in the free597

troposphere, would be indicative of significant disequilibrium between the atmosphere and598

surface sources of water vapor. Hence, the large horizontal water vapor gradients associated599

with filamentary type structure are damped by fluxes of water vapor into the atmosphere600

from the surface. This allows local variations in the boundary layer to play a more dominant601

role in establishing the spatial variability of water vapor than is done by the large scale flow.602

While we do not propose a mechanism by which the boundary layer achieves the H̄ ≈ 1/3603

scaling of water vapor structure functions, it is apparent that the results of Wood and Field604

(2011) underscore the complicated interrelationship between boundary layer clouds and the605

water vapor field.606
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7. Summary and Final Remarks607

In this paper we have described a method for computing first order structure function608

scaling exponents from physical retrievals of water vapor mass mixing ratio from AIRS.609

Three separate first order structure functions are computed as part of the analysis, namely610

the directionally independent, across satellite track, along satellite track structure functions.611

The three separate structure functions allow investigation of the directional dependence of612

the observed scaling. A threshold on the coefficient of determination of R2
> 0.95 for the613

least squares fit to log lag versus distance log structure function is used to identify structure614

functions that exhibit power law scaling behavior.615

The method is used to compute maps of structure function scaling exponents and zonal616

mean cross sections of maritime structure function scaling exponents for constant pres-617

sure surfaces ranging from 1000 hPa to 300 hPa between 58○S and 58○N. It is shown that618

directionally-independent and across-track structure functions exhibit nearly ubiquitous scal-619

ing while along-track structure functions tend not to exhibit scaling in equatorial regions.620

The maps and zonal means both suggest the presence of an equatorial minimum in scal-621

ing exponents at all levels. Outside of equatorial regions, both the maps and zonal means622

suggest the scaling exponents exhibit significant vertical variability, ranging from 0.3 in the623

near surface to values greater than 0.5 in the middle troposphere. Investigation of AIRS624

averaging kernels lead to the identification of two scaling regimes, one which characterizes625

boundary layer variability and a second which characterizes free tropospheric variability.626

The peaks in the probability density estimates of daytime boundary layer regime scaling627

exponents occur near 0.33 and transition to slightly larger values at night. The peaks in the628
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probability density estimates of free tropospheric scaling exponents occur near 0.55 in both629

DJF and JJA cases and show significantly less diurnal variation than their boundary layer630

counterparts.631

Therefore the extremely narrow confidence intervals, the agreement between DJF and632

JJA density estimates, and the agreement with prior results, indicates growing evidence that633

H̄ ≈ 1/3 provide a relatively universal characterization of boundary layer structure function634

scaling poleward of 20○ in each hemisphere at scales from below 50 km to at least 500 km.635

This result has several significant implications. First, the scale-invariance implied by the636

nearly isotropic scaling of structure functions indicates that AIRS observed scale dependent637

spatial variability may be extrapolated to smaller scales. A similar conclusion has been drawn638

by KT09. Second, there is strong empirical support for GCM parameterizations that seek639

to represent sub-grid scale variability based on the downscaling of grid scale variability (e.g.640

Cusack et al. (1999)), given that the model grid scales provide an accurate estimate of grid641

scale variability. Third, recent work by Wood and Field (2011), shows that the distribution of642

cloud horizontal sizes, power law scaling with an approximately -5/3 exponent across scales643

ranging from 0.1 km to 1500 km. They propose a bounded cascade model that assumes the644

water vapor field exhibits scale-invariance characterized by H = 1/3, and the results reported645

here offer significant support for this modeling assumption.646

Additionally, there is significant confidence that free tropospheric water vapor field ex-647

hibits behavior with H > 0.5. We argue that this is explained by the generation of filimentary648

structures in the water vapor field that are the result of chaotic mixing processes as described649

by Yang and Pierrehumbert (1994)650

The structure functions analysis reported herein has been limited to the first order struc-651
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ture function, but extension to other orders of structure functions may provide a fuller652

characterization of the scale dependence of water vapor variability. Also, structure functions653

are estimates of the moments of scale dependent increment probability density functions654

(PDFs), analysis of the climatology of these PDFs directly may prove fruitful in under-655

standing the underlying stochastic process that generate the observed scale dependence, and656

provides another means of inter comparing observations and simulation. The success of this657

methodology suggests that its application to other AIRS retrieved fields may provide further658

insight into the the scale invariance of atmospheric fields.659
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List of Tables773

1 The mean H̄, standard deviation σ, and boot-strapped 95% confidence inter-774

vals for land masked extratropical (between 20○S − 58oS and between 20○N − 58○N)775

scaling exponents for which the absolute difference between along-track and776

across-track scaling exponents is less than 10% of the of the directionally in-777

dependent structure function exponent value. Also given is the percentage of778

land masked structure function domains of directionally-independent, along-779

track, and across-track log-log structure function fits for which R2
> 0.95, and780

for which the difference between along-track and across-track structure func-781

tion exponents is less than 10% of the directionally-independent structure782

function exponent exponent value. 39783
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925 hPa 500 hPa
H̄ σ 95% CI % scaling H̄ σ 95% CI % scaling

DJF
ASC 0.335 0.047 (0.333, 0.337) 44.6 0.556 0.047 (0.555, 0.558) 71.1
DES 0.396 0.064 (0.394, 0.397) 80.2 0.561 0.065 (0.558, 0.562) 84.0

JJA
ASC 0.334 0.032 (0.332, 0.335) 70.0 0.548 0.067 (0.546, 0.549) 83.1
DES 0.379 0.049 (0.378, 0.381) 75.8 0.549 0.042 (0.548, 0.551) 91.2

Table 1. The mean H̄, standard deviation σ, and boot-strapped 95% confidence inter-
vals for land masked extratropical (between 20○S − 58oS and between 20○N − 58○N) scaling
exponents for which the absolute difference between along-track and across-track scaling
exponents is less than 10% of the of the directionally independent structure function ex-
ponent value. Also given is the percentage of land masked structure function domains of
directionally-independent, along-track, and across-track log-log structure function fits for
which R2

> 0.95, and for which the difference between along-track and across-track struc-
ture function exponents is less than 10% of the directionally-independent structure function
exponent exponent value.
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List of Figures784

1 Two synthetic Gaussian random processes (φ) having Hurst exponents of785

H ≈ 0.3 and H ≈ 0.7 in the top and bottom panels respectively. The inset786

plot in each figure shows the first order structure function computed from the787

random process. The Hurst exponent estimated by least squares regression is788

also denoted. 43789

2 AIRS 500 hPa three month mean water vapor mass mixing ratio [g kg−1] for790

Ascending (ASC) and Descending (DES) passes. Means were computed by791

binning individual retrievals to a 1.0○ × 1.0○ latitude-longitude grid. Masked792

values, appearing in white, represent grid boxes for which there were no suc-793

cessful AIRS retrievals during the analysis period. 44794

3 AIRS 925 hPa three month mean water vapor mass mixing ratio [g kg−1]. Note795

the difference in colorbar between Figures 2 and 3. Means were computed by796

binning individual retrievals to a 1.0○ × 1.0○ latitude-longitude grid. Masked797

values, appearing in white, represent grids for which there were no successful798

AIRS retrievals during the analysis period. 45799

4 Example 500 hPa DJF ascending pass Along-Track (Along), Across-Track800

(Across), and Directionally-Independent (DI) structure functions for a struc-801

ture function domain centered centered at 165○W and 51○N. The selection of802

this particular structure function domain was arbitrary. 46803
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5 Maps of directionally-independent, across-track, and along-track scaling ex-804

ponents (left, middle, and right column, respectively) for ascending (ASC)805

and descending (DSC) passes during December, January, and February 2007806

-2008 for the 500 hPa (top two rows) and 925 hPa (bottom two rows) AIRS807

retrieval levels. Regions for which the R2
> 0.95 quality of fit criterion are not808

met are indicated with black hatching. 47809

6 Same as Figure 5 but for June, July and August 2008. 48810

7 Zonal mean cross section of directionally-independent (left column), along-811

track (center column), and across-track (right column) scaling exponents for812

DJF 2007/2008 and JJA 2008 for all AIRS retrieval levels between 1000 hPa813

and 300 hPa. Scaling exponents determined from least squares fits with R2
<814

0.95 are not included in the computation of the zonal mean. 49815

8 AIRS mean averaging kernels for the AIRS trapezoidal layers with effective816

pressure level closest to 925 hPa, 700 hPa and 500 hPa respectively for sub-817

tropical ocean (left column), tropical ocean (center column), and subtropical818

land (right column). Mean averaging kernels are the arithmetic mean for all819

vertical profiles within a 2o latitude-longitude box centered on the latitude-820

longitude points given in the plot titles. 50821

9 Estimated PDFs of along-track scaling exponents excluding the tropics (20○N822

to 20○S) for JJA and DJF ascending and descending passes. Scaling exponents823

for domains with land fraction > 10% are not included in the density estimate.824

The vertical lines represent reference values of 1/3 and 1/2. 51825
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10 Plots of log (qv/max qv) where qv is the water vapor mass mixing ratio for a826

single day’s ascending passes for 500 hPa and 925 hPa. This normalization827

allows the maps at 500 hPa and 925 hPa to be plotted with a single colorbar828

and emphasizes the filimentary structure of the extratropical water vapor field. 52829
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Fig. 1. Two synthetic Gaussian random processes (φ) having Hurst exponents of H ≈ 0.3
and H ≈ 0.7 in the top and bottom panels respectively. The inset plot in each figure shows
the first order structure function computed from the random process. The Hurst exponent
estimated by least squares regression is also denoted.
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Fig. 2. AIRS 500 hPa three month mean water vapor mass mixing ratio [g kg−1] for As-
cending (ASC) and Descending (DES) passes. Means were computed by binning individual
retrievals to a 1.0○ × 1.0○ latitude-longitude grid. Masked values, appearing in white, rep-
resent grid boxes for which there were no successful AIRS retrievals during the analysis
period.
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Fig. 3. AIRS 925 hPa three month mean water vapor mass mixing ratio [g kg−1]. Note the
difference in colorbar between Figures 2 and 3. Means were computed by binning individ-
ual retrievals to a 1.0○ × 1.0○ latitude-longitude grid. Masked values, appearing in white,
represent grids for which there were no successful AIRS retrievals during the analysis period.
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Fig. 4. Example 500 hPa DJF ascending pass Along-Track (Along), Across-Track (Across),
and Directionally-Independent (DI) structure functions for a structure function domain cen-
tered centered at 165○W and 51○N. The selection of this particular structure function domain
was arbitrary.
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Fig. 5. Maps of directionally-independent, across-track, and along-track scaling exponents
(left, middle, and right column, respectively) for ascending (ASC) and descending (DSC)
passes during December, January, and February 2007 -2008 for the 500 hPa (top two rows)
and 925 hPa (bottom two rows) AIRS retrieval levels. Regions for which the R2

> 0.95
quality of fit criterion are not met are indicated with black hatching.
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Fig. 6. Same as Figure 5 but for June, July and August 2008.
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Fig. 7. Zonal mean cross section of directionally-independent (left column), along-track
(center column), and across-track (right column) scaling exponents for DJF 2007/2008 and
JJA 2008 for all AIRS retrieval levels between 1000 hPa and 300 hPa. Scaling exponents
determined from least squares fits with R2

< 0.95 are not included in the computation of the
zonal mean.
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Fig. 8. AIRS mean averaging kernels for the AIRS trapezoidal layers with effective pressure
level closest to 925 hPa, 700 hPa and 500 hPa respectively for subtropical ocean (left column),
tropical ocean (center column), and subtropical land (right column). Mean averaging kernels
are the arithmetic mean for all vertical profiles within a 2o latitude-longitude box centered
on the latitude-longitude points given in the plot titles.
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Fig. 9. Estimated PDFs of along-track scaling exponents excluding the tropics (20○N to
20○S) for JJA and DJF ascending and descending passes. Scaling exponents for domains with
land fraction > 10% are not included in the density estimate. The vertical lines represent
reference values of 1/3 and 1/2.
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Fig. 10. Plots of log (qv/max qv) where qv is the water vapor mass mixing ratio for a single
day’s ascending passes for 500 hPa and 925 hPa. This normalization allows the maps at
500 hPa and 925 hPa to be plotted with a single colorbar and emphasizes the filimentary
structure of the extratropical water vapor field.
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