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Fig. 3. The kinetic energy spectra for glevel-11 in the zonal
wavenumber domain. The red, green, blue, and black lines are
the energy spectra on 1000, 850, 500, and 200 hPa surfaces
from 40°N to 50°N, respectively. The k‒3 and k‒5/3 power lines
are drawn by black lines. The power spectra of the aircraft data
(blue + symbol) and AFES T639L24 (red line) are superimposed
on this figure (cited from Hamilton 2008).

Fig. 4. The kinetic energy spectra for glevel-11 in the zonal
wavenumber domain for the different latitudinal circle. The
red, green, blue lines are the tropics, mid-latitudes, and polar
region, respectively. The solid black line represents the global
mean of kinetic energy.

Kine9c	
  energy	
  power	
  spectra	
  in	
  NICAM	
  	
  
	
  

Break	
  from	
  roughly	
  –3	
  to	
  –5/3	
  in	
  mesoscale	
  range	
  
Diffusive	
  behavior	
  at	
  smallest	
  scales	
  

Terasaki	
  et	
  al.	
  (2009),	
  SOLA	
  



Global	
  NICAM	
  model	
  (7-­‐km	
  resolu9on)	
  
	
  

Even	
  larger	
  variability	
  of	
  q	
  compared	
  to	
  T	
  
Scales	
  of	
  variability	
  oEen	
  inversely	
  related	
  to	
  T	
  

Boundary	
  	
  
Layer	
  



Global	
  NICAM	
  model	
  (7-­‐km	
  resolu9on)	
  
	
  

A	
  large	
  diversity	
  of	
  T	
  structures	
  
Scales	
  of	
  variability	
  dependent	
  on	
  cloud	
  regime	
  

Lower	
  Free	
  
Trop	
  



Global	
  NICAM	
  model	
  (7-­‐km	
  resolu9on)	
  
	
  

Even	
  larger	
  variability	
  of	
  q	
  compared	
  to	
  T	
  
Scales	
  of	
  variability	
  oEen	
  inversely	
  related	
  to	
  T	
  

Lower	
  Free	
  
Trop	
  



A	
  brief	
  focus	
  on	
  trade	
  Cu	
  regime	
  



Greatest	
  AIRS	
  (IASI?	
  CrIS?)	
  yield	
  in	
  low	
  lat	
  oceans	
  
	
  

Very	
  high	
  skill	
  in	
  trade	
  cumulus	
  
Cloud	
  regime	
  very	
  important	
  for	
  cloud-­‐climate	
  feedback	
  

Yue	
  et	
  al.,	
  2011,	
  J.	
  Geophys.	
  Res.	
  

negative DT values indicate the occurrence of MBL inver-
sions. This approach underestimates the frequency of actual
inversions and only detects strong MBL inversion cases.
This is because the full‐width half maxima of the AIRS
averaging kernels is about 2–3 km [Maddy and Barnet, 2008],
leading to vertically smoothed AIRS profiles and limited AIRS
vertical resolution [Martins et al., 2010]. Therefore, the fine

structure of MBL may be underestimated or lost using AIRS
vertical profiles.
[23] Previously, thermodynamic parameters such as LTS

[Slingo, 1987; Klein and Hartmann, 1993] and EIS [WB06]
have been defined and derived from model analysis and
reanalysis data to diagnose relationships between low cloud
fraction and local boundary layer thermodynamic structure.

Figure 1. Frequency of CloudSat MBL cloud occurrence at 5° × 5° resolution using the 13 months
of collocated data (a) for all scenes and for scenes under different values of CloudSat cloud fraction:
(b) ≤0.1, (c) 0.1–0.3, (d) 0.3–0.6, (e) 0.6–0.9, and (f) ≥0.9. Black boxes in Figure 1a indicate the positions
of seven regions listed in Table 3, and the three boxes in bold correspond to the regions in Figures 5 and 6
(Peruvian, Canarian, and North Atlantic regions). White boxes over ocean indicate a value of zero.

Figure 2. AIRS yield as a function of CloudSat Sc cloud fraction following Figure 1. The gray shading
over the ocean indicates grids containing less than 5 AIRS retrievals.
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with pressure p, surface pressure ps, and the values of rc at
the surface, cs, and in the free troposphere, ct. The shape of
the vertical profile depends on a parameter nx. In the stan-
dard implementation, the parameter choice is constant at cs =
0.9, ct = 0.7, and nx = 4.

[14] Figure 3 shows the global mean profiles for rc as found
in the two observational data sets and in various model ver-
sions. The observational data sets, from the daytime and
nighttime AIRS data, and from the ERA/GOCCP data, qual-
itatively agree well with each other. A difference between the

Figure 2. Geographical distribution of the annual mean critical relative humidity rc for selected vertical
levels; as obtained (a, c, e, and g) from AIRS satellite data for 2003 and (b, d, f, and h) from the combined
ERA-Interim relative humidity and GOCCP cloud fraction for 2007. For AIRS, the data from the ascend-
ing orbit are shown (descending orbit results are very similar). White areas indicate missing data. Where rc
has low values, the subgrid-scale variability of humidity is high.
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Can	
  we	
  use	
  current	
  1-­‐km	
  CWV	
  
observa9ons	
  to	
  address	
  scaling?	
  



Ambiguity	
  between	
  CWV	
  and	
  height-­‐resolved	
  q	
  
	
  

ExisTng	
  1-­‐km	
  resoluTon	
  CWV	
  observaTons	
  might	
  fall	
  short	
  on	
  this	
  issue	
  
Scaling	
  of	
  CWV	
  resembles	
  T,	
  height-­‐resolved	
  q	
  close	
  to	
  –2	
  

Figs. 1–3. It is abundantly clear that the scaling in AIRS
CWV does not behave like the height-resolved q shown
in Figs. 1–4. In fact, CWV has a steeper slope at scales
greater than 250 km in TC and SC compared to DC,
much like the scaling of T. Thus, CWV is not an ap-
propriate analog for layer-resolved scaling exponents of
q. This emphasizes the importance of making vertically
resolved q observations, and sharp differences in
boundary layer (0.3) and free troposphere (0.5) expo-
nents obtained from meteorological tower observations
support this view (Pressel et al. 2010). The SP-CAM and
AIRS have significant differences in both the magnitude
of the variances and spectral slopes at scales greater than
100 km, with variations depending on the region, while
the SP-CAM is consistently close to 0.3 at smaller scales
in all three regions. It is intriguing thatAIRS and SP-CAM
have similar values in stratocumulus (SC) and AIRS is
clearly larger in deep convective (DC) regimes. In SC,
most of the water vapor is in the cloudy PBL, where both
AIRS and SP-CAM are supposed to have some diffi-
culties in representing reality. On one hand, the simu-
lations are for scales greater than 100 km, which may
suggest that both AIRS and SP-CAM realistically sim-
ulate some mesoscale characteristics. On the other hand,
SP-CAM is supposed to be particularly well suited for
DC regions, where its low bias of CWV variance com-
pared to AIRS is indeed puzzling. There is a scale break
;100 km simulated in SP-CAM that is not testable with
the current operational AIRS retrieval because of reso-
lution limitations (although future advancements in
single AIRS field-of-view retrievals will improve this
by a factor of 3). Furthermore, the scaling exponents
are more variable between the different years at the
larger scales in SP-CAM compared to the smaller scales,

highlighting the importance of monitoring these varia-
tions with continuous, multiyear observations of in-
terannual variability now available from AIRS.
Height-resolved q spectra from SP-CAM for the 929-,

867-, and 600-hPa levels are shown in Fig. 6. TheAIRS q
spectra for 925, 850, and 500 hPa from Fig. 2 are also
shown in Fig. 6 for comparison. The slope of the SP-
CAM is much too shallow at all scales, as the slope is
essentially flat for all three regions and pressure levels
at scales less than 250 km, implying pseudoscale in-
variance of q variability. Previous work suggests that the
large discrepancy in q variance at small scales may be
related to geometrical effects (2D versus 3D modeling).
However, Moeng et al. (2004) found that 2D simulations
of vertical moisture fluxes hw9q9i are represented fairly
well in comparison to 3D models. Assuming this is also
true in the SP-CAM (recall that SP-CAM is a 3D global
model with an embedded 2D CRM), vertical moisture
fluxes are proportional to correlations between vertical
velocity hw9w9i and moisture hq9q9i variances, thus ex-
cessive hq9q9i can be compensated by either weaker
hw9w9i or weaker correlations between hw9w9i and
hq9q9i. Some evidence for contributions from reduced
hw9w9i is supported by steeper power spectra of vertical
velocity in 2D compared to 3D CRMs (Moeng et al.
2004; cf. their Fig. 11). Furthermore, Bogenschutz
(2011) shows that the SP-CAM has essentially no sub-
grid-scale turbulent fluxes, which are entirely man-
ifested by the resolved scales. When the horizontal grid
size is 4 km, the smallest scales that are effectively re-
solved are;15 km. Vertical velocities at these scales are
much smaller than those at subgrid scales that actually
carry out these fluxes, so the resolved variances should
bemuch larger. Modeling comparisons between 2D and

FIG. 5. Shown are CWV spectra of SP-CAM (AIRS) for three regions: (a) 108–208N, 157.58–1708W(68–188N, 1568–1688W), (b) 48S–68N,
157.58–1708E (68S–68N, 1508–162.58E), and (c) 108–208S, 77.58–908W (68–188S, 848–968W). All spectra are from September–November
(SON) at 1200 UTC during 1998–2001 (SP-CAM) and 0000 UTC during 2004–08 (AIRS). The scaling exponents for25/3 (0.33) and23
(1.0) are shown in gray (black).
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3D CRMs, and a rigorous evaluation of the model var-
iances and fluxes, warrants further investigation.

d. VOCALS-REx

In Fig. 7, height-resolved composite spectra of T and q
obtained from VOCALS-REx from 30 to 200 km have
spectral slopes similar to AIRS (Fig. 2); however, the
slopes are significantly steeper at scales less than 10–
20 km. The steepening at small scales is reminiscent to
slopes steeper than 25/3 observed in boundary layer ob-
servations of q reported by Schmitt et al. (1979) and
Zhang (2010) and liquid water content (Davis et al.
1996). Furthermore, spectra of T and q obtained from
surface buoy data during the East Pacific Investigation
of Climate (EPIC) experiment show mesoscale breaks
around 20–30 km, although the spectral slopes are less
steep than shown in Fig. 7 and are around 0.3–0.5
(Comstock et al. 2005). This is not unexpected as these
observations are obtained from a buoy near the surface
of the ocean where the scaling is expected to be weaker.
All spectra at scales less than 10–20 km have increased
spectral slopes and are at a minimum for z , 300 m
(;0.4) and a maximum for z . 1000 m. The exponents
for q are steeper than T in the free troposphere. The T
spectra have a scale break ;20 km as with q but it is
more or less pronounced depending on the altitude.
Since there are a limited number of flight segments at
a constant altitude, these composite spectra may not
represent the full geophysical variability in this region.
However, the distinct change in spectral slopes above
and below the inversion base is consistent with AIRS
(KT09) and observed vertical structure in surface-based
tower (Pressel et al. 2010) observations. This points to
a need for more aircraft observations of thermodynamic
variability in the cloudy boundary layer, and data ob-
tained from past aircraft campaigns should be revisited
to examine scale-dependent features in T and q.

4. Discussion and conclusions

Excessively large finescale variability simulated in
SP-CAM and observed scale breaks in aircraft data
(VOCALS-REx) are located at spatial scales unresolved
by current sounders such as AIRS and the Infrared
Atmospheric Sounding Interferometer (IASI), or future
sounders such as the Cross-Track Infrared Microwave
Sounder Suite (CrIMSS), with nominal horizontal res-
olutions on the order of 50 km. These scale breaks imply
that extending variance to smaller scales using expo-
nents obtained from scales resolved by these coarser-
resolution sounders is not necessarily appropriate as
suggested by KT09. Observing systems with sufficient
spatial resolution (roughly 1–10 km horizontally) that
are able to resolve dominant scales of cloud structures
(Wood and Field 2011) are needed to quantify the
character of the variability in different cloud regimes
for all relevant geophysical variables (Stevens and
Feingold 2009), not only T and q. The problem of ex-
tending variance to small scales is highly relevant to
promising subgrid-scale cloud parameterization ap-
proaches that have not been fully exploited to date (e.g.,
Cusack et al. 1999; Tompkins 2002; Kuwano-Yoshida
et al. 2010). Small-scale observations are also important
for evaluating the new generation of multiscale modeling
framework models (e.g., SP-CAM), global CRMs (e.g.,
Hamilton et al. 2008), and large-eddy simulation (LES)
models (e.g., Siebesma et al. 2003).
The scaling exponents are found to be steeper in both

the free-running models (CAM5 and C180HIRAM2.1)
and analyses (ECMWF and MERRA) in comparison to
AIRS, suggesting that the small-scale variance in these
models is too small. It is not known whether this be-
havior is driven (in part, or in whole) by differences in
subgrid-scale parameterizations (e.g., Hamilton et al.
2008), resolution (Boville 1991), differences in the

FIG. 6. As in Fig. 5, but 1-s values of q shown at constant pressure levels in SP-CAM and AIRS.
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is placed on the scaling (i.e., the slopes of the individual
spectra in Fig. 5). For a close look on the consistent
scaling the mean variance (integral over the inter-
mediate wavenumber space) of each model is adjusted
to the variance of a k22 slope (see Fig. 6). This calcula-
tion only affects the height of each line, not the slope.
Especially the large-scale models (GCM and NWP)
show a similar slope and a scaling close to 22. This
finding holds down to the range of the s6 CGILS case
and the larger scales of the RICO dataset. For the small
LES scales the gradient becomes steeper. This change
may hint at a scale break around 1 km. This result would
be in a similar range like the finding of Kahn et al. (2011)
for water vapor. To investigate the question of a possible
scale break in more detail, in this part of the evaluation
also some data from DNS are included. As these data
also show a scaling around 22, a strong break in the
scaling, with a change in the exponent of 50% or more,
is not evident. The steeper gradient at the high wave-
numbers (approximately k. 43 1023m21) for the LES
might also be due to too much dissipation at the small
scales in themodel. But because of the variability a weak
scale break is certainly possible.
To explore these issues inmore depth, Fig. 7 shows the

compensated spectrum. The compensated spectrum is
calculated by adjusting the mean variance to the k22

slope and an additional scaling by k22. Over a large
range of scales, a consistent scaling can be seen, but also
some deviations are obvious. There are some fluctua-
tions for the large-scale models around a scaling of 22

and this variability increases with the wavenumber. Es-
pecially the LES and DNS data tend to show a 25/3

scaling at the lower bound of their wavenumber range
and an increasing exponent at the higher bound. By this
analysis a weak scale break toward a 25/3 or also a 27/3

scaling at the meso- and smaller scales [i.e.,O(1–10 km)
or smaller] cannot be ruled out.
This first evaluation of the power density spectra

shows a broadly consistent scaling among the different
models and gives a first estimate for the power-law ex-
ponent (a ’ 22). Additionally, there is no clear evi-
dence of a strong break of scales in the spectrum,
although a weak change with a transition to a slightly
flatter (25/3) or steeper (27/3) spectra is difficult to rule
out. In the following sections a more detailed estimation
for the power-law exponent is presented.

c. Estimation of the power-law exponents based on
least squares fit

To describe the scaling of the variance of total water
mixing ratio in more detail, a good estimate for the
power-law exponent is necessary. One possibility to get
an estimate is to use the least squares fitting algorithm,
described in section 2b (3). With this not only a general
estimate for the mean power density spectrum (as in
section 3b) is possible, but also an estimate for every
level and every time step can be calculated. The resulting
histograms of power-law exponents (see Fig. 8) also
describe the spread in the estimates and show the vari-
ability within the different datasets. A narrow histogram
(e.g., COSMO-DE and –EU, or ECHAM6) provides

FIG. 6. Power density spectra of the intermediate wavenumber
space of total water mixing ratio. The integral over the spectra of
each model is adjusted to the integral of a k22 slope. The adjusted
spectra are averaged over time and height.

FIG. 7. As in Fig. 6, except the whole spectrum is additionally scaled
by k22 (compensated power density spectrum).
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numerical representation of the dynamical core (e.g.,
Rood 1987; Rasch et al. 2006; Williamson 2007), data
assimilation (satellite, radiosonde, and surface observa-
tions), or other reasons, which warrants further in-
vestigation. However, it appears that the free-running
models used in climate assessments have a poorer repre-
sentation of the scale dependence ofT and q variance than
models with data assimilation systems (e.g., ECMWF and
MERRA). This is qualitatively consistent with slightly
poorer performance of climate models that are exe-
cuted in ‘‘weather forecast mode’’ when compared to
NWPmodels (Phillips et al. 2004); however, it is yet to be
determined if small-scale variability is a primary factor
in these differences of forecast skill. More research is

necessary to determine the potential implications for
climate sensitivity (e.g., Seiffert and von Storch 2008)
and cloud feedback sign and magnitude, which include
tests of ECMWF and MERRA without realistic ini-
tialization. Additional studies such as Cusack et al.
(1999) that use constraints on subgrid-scale variability
obtained from observations should be undertaken. As
the SP-CAM results indicate, having embedded CRMs
that serve as subgrid-scale parameterizations does
not necessarily ensure realistic q spectra. Observational
constraints from satellite and aircraft observations will
continue to play an indispensable role in parameteri-
zation development and improvement efforts.
This work shows that higher horizontal spatial reso-

lution observations of T and q over the entire globe are
necessary to observe the global characteristics of small-
scale ‘‘turbulence’’ in thermodynamic profiles. At the
same time, current and future operational and research
atmospheric sounders will continue to play a role in as-
sessing climate processes, establishing quantitative bench-
marks for model comparisons; facilitate the development
of more rigorous observationally based subgrid-scale
parameterizations; and possibly offer a long-term strat-
egy to monitor regional variations in the mesoscale
spectrum of T and q over the entire globe. The mesoscale
spectrum observed by AIRS is broadly consistent with
previous observational, theoretical, and modeling stud-
ies that demonstrate a scaling ‘‘break’’ from 23 to 25/3

in the neighborhood of 400–800 km in horizontal scale.
However, the scale break is only observed in temper-
ature (not height-resolved water vapor), and is most
pronounced in the extratropics between the surface
boundary layer and a few kilometers below the tro-
popause. Temperature and water vapor profiles are
‘‘retrieved’’ from observed radiances emitted from
three-dimensional volumes of atmosphere (40 km or
larger horizontally, 2–3 km vertically). Although this
observational approach is fundamentally different
than the in situ sampling and observational strategy of
aircraft investigations, it offers an independent set of
observations that verify the existence and quantify
the magnitude of the mesoscale break in atmospheric
temperature (Lovejoy et al. 2009; Lindborg et al.
2010).
As shown by Hamilton et al. (2008), the observed KE

spectrum serves as a useful diagnostic for climate model
assessments.We suggest that height- and regime-resolved
spectra of T and q should also serve as model diagnostics
as they can be highly variable in space and time. Addi-
tional A-Train datasets should serve as benchmarks for
other model-relevant variables such as cloud water con-
tent and precipitation. Furthermore, their simultaneous
observationwithT and q can be combined intomultisensor

FIG. 7. Shown are composite variance spectra for (top) q and
(bottom) u in five altitude bins during VOCALS-REx for flight
segments with at least five segments averaged (see text). The num-
bers in the parentheses are scaling exponents for spectra, 10 kmon
the left (. 10 km on the right).
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spectrum of T and q over the entire globe. The mesoscale
spectrum observed by AIRS is broadly consistent with
previous observational, theoretical, and modeling stud-
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popause. Temperature and water vapor profiles are
‘‘retrieved’’ from observed radiances emitted from
three-dimensional volumes of atmosphere (40 km or
larger horizontally, 2–3 km vertically). Although this
observational approach is fundamentally different
than the in situ sampling and observational strategy of
aircraft investigations, it offers an independent set of
observations that verify the existence and quantify
the magnitude of the mesoscale break in atmospheric
temperature (Lovejoy et al. 2009; Lindborg et al.
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spectra of T and q should also serve as model diagnostics
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Figure 3b). TM (Band 7) stratocumulus subscene on 7 July 
1987. The subscene boundaries are shown on the right side of 
Fig. 2. Note the cloud streets oriented parallel to the wind. 

cells, again aligned parallel to the wind, in streets 
having about the same width as the cells, typically 
about 8 km. The 8 km streets reveal considerable 
structure on smaller scales, the whole subscene 
being covered by an intricate dark filigree. We 
shall see in the next section that this dendritic 
network of dark regions has a fractal boundary of 
dimension equal to 1.8, so that it nearly covers the 
two-dimensional area. In the fourth section we 
show that the larger-scale variability in this scene 
has the same wavenumber spectrum as the verti- 
cally integrated liquid water. 

TM Brightness Histograms 

The Landsat TM has three visible reflected bands, 
three near-infrared bands, and the thermal water 
vapor window band. The 7 July stratocumulus 
clouds have a maximum reflectance of about 0.5, 
which saturates two of the visible and one of the 
near-infrared TM bands. Table 1 shows the typical 
maximum reflectance required to saturate each 
band (using the 7 July zenith angle of 30°). Bands 
1, 3, and 5 are all saturated at a reflectance of less 
than 0.5, and thus are saturated by the 7 July 
stratocumulus. Band 2 (0.52-0.60 gm) is saturated 
at 0.5, so that only the few brightest pixels are 

Table 1. Landsat TM Reflected Bands with Nominal Wave- 
length Ranges and Maximum Reflectances 

Band Wavelength (izm) Rs,,t Saturated? 
1 0.45-0.52 0.25 t /  
2 0.52-0.60 0.58 
3 0.63-0.69 0.53 
4 0.76-0.90 0.73 
5 1.55-1.75 0.47 t /  
7 2.08-2.35 0.69 

Source: From Clark (1986), corrected for solar zenith angle of 
30 ° . 

A check in the last column indicates that most cloud pixels are 
saturated, so that the gain settings of these bands are of limited use in 
cloud analysis. 

saturated. Bands 4 and 7 are well below saturation. 
The histogram of the thermal band (Band 6, 

104-12.5 m/x) for a 15 km subscene at the stra- 
tocumulus edge is shown in Fig. 4a). The two 
narrow peaks, separated by about 5°C, correspond 
to the surface and cloud top. A dry adiabatic lapse 
rate (appropriate for subcloud) then estimates 
cloud top at about 500 m, while a moist rate 
(appropriate for in-cloud) would raise it to 800 m. 
According to the in situ sounding discussed in the 
next section, actual cloud top is at about 650 m, 
with cloud base at 400 m (and 3.9°C colder than 
the surface) and cloud top another 250 m above 
that (and 1.5°C colder). 

Plots of temperature versus brightness (Band 6 
vs. Band 7, for example) show the usual scatter of 
points extending up from the warm dark surface 
cluster to the cold bright cloud cluster. At 1 km 
resolution the points are all concentrated at the 

Figure 4a). Histogram o f  TM thermal band (Band 6, 
10 .4-12 .6 /Lm)  for a 1282 subscene in the transition region 
(between subscenes a and b). The low-temperature peak is 
associated with the cloud top, and the high-temperature one 
with the surface. 
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are available in machine-readable form. We focus 
in this paper on the 7 July case, in which the 
NASA ER-2, the BMO C-130, and the NCAR 
Electra repeatedly gathered data across a stratocu- 
mulus-fair weather cumulus transition. 

The large-scale cloud pattern on 7 July may be 
seen in Fig. 1, which shows three channels of a 
NOAA-10 AVHRR scene acquired at 1643 GMT 
(9:43 am local time). The thermal band (Channel 
4) shows a very uniform cloud-top temperature, 
while the near-infrared and visible reflected bands 
show patchy stratocumulus over most of the area. 
The right side of the visible band (Channel 1) 
shows apparently solid stratocumulus hugging the 
coast, and bounded on the ocean side by an appar- 
ently clear patch, with the interface between the 
two appearing quite sharp. This "clear-cloudy" 
interface occurs at the center of the Landsat over- 
pass at 1800 GMT (11 am local). The solid square 
indicates the approximate region of cloud seen by 
Landsat. As we shall see, the "clear" region is 
actually filled with a large number of fair weather 
cumulus clouds, all well below AVHRR resolution. 
In addition, we shall see that in the stratocumulus 
region the Landsat TM reveals considerable spatial 
structure, again not resolved by the AVHRR. 

Three aircraft gathered in situ data across the 
stratocumulus boundary within the Landsat area 
indicated in Fig. 1, using the Landsat TM center 

Figure 2. Boundary of the thematic mapper (TM) scene on 7 
July 1987, and aircraft flight patterns at about the time of the 
LANDSAT overpass at 1800 GMT (11 am local). The stra- 
tocumulus boundary is about in the center of the scene, so 
that the two 60 km subscenes labelled 3a and 3b are on the 
clear mad cloudy sides of the boundary referred to in Fig. 1. 
The boundary moved steadily eastward at about 60 kph, so 
that the Electra sounding shown in Fig. 5, taken across the 
boundary an hour later, was at the right edge of the TM 
scene. 

33.5. t NASA ER-2 
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32.5 / ^ \  \ - _ / 
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Sub ...... %\ "X~ ~/ 

31 1 " -J \~  NCAR ELECTRA 
'~ flight path 30.5 

12-3 -1:92 -1'21 
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coordinates as a focal point. The center coordi- 
nates conveniently fell precisely in the stratocumu- 
lus-fair weather cumulus transition region. The TM 
scene boundary and aircraft flight tracks are shown 
in Fig. 2. The ER-2 flew a "racetrack" pattern at 
about  60,000 feet (the dashed curve in Fig. 2), 
while the BMO C-130 and the NCAR Electra flew 
in and just above the cloud layer. The Electra 
initially flew a "butterf ly" pattern (the solid curve 
in Fig. 2), and then repeatedly traversed the tran- 
sition region on eas t -west  flight legs, as the stra- 
tocumulus boundary advected to the east. 

Two 60 x 60 km (20482 pixel) subscenes, one 
in the fair weather cumulus and one in the stra- 
tocumulus, with boundaries labeled in Fig. 2 as 
"subscene a" and "subscene b," respectively, were 
chosen for analysis. The Band 7 (2.2 /.tm) subim- 
ages in Figs. 3a) and 3b), respectively, show con- 
siderable structure not observable in the AVHRR 
image. (The same structure is observed in Band 2, 
which is used for the numerical analysis, but  the 
Band 7 image appears somewhat sharper because 
it has no saturation, and possibly because of its 
greater absorption.) Subscene a shows a large 
number of small fair weather cumulus clouds, with 
diameters typically less than 1 /2  km, aligned in 
streets oriented parallel to the wind, and separated 
by about 1-2  km. Subscene b shows much larger 

Figure 3a). TM (Band 7) fair weather cumulus subscene on 
7 July 1987. The subscene boundaries are shown on the left 
side of Fig. 2. Note the cloud streets oriented parallel to the 
win& 

Structure of Marine Stratocumulus 105 

u.I 

r - ,~  
t .u l - -  
N ~ .  

r'r 'u_ 
O o  Z,,, 

~ D  
cJ 
O3 

0 

WAVELENGTH (km) 
10.00 1.00 0.10 

F 

- 2  

- 3  

- 4  

- 5  

- 6  

k-O.6 

\ ! 

k:3 i 
i,l z j ! 

0 1 2 3 
LOG WAVENUMBER (1/km) 

Figure lOa). Wavenumber spectrum of TM Band 2 reflectiv- 
ity in fair weather cumulus averaged over 10 scan lines of 
subscene a. As expected from Fig. 6a), there is a change of 
scaling properties near 1/2 km. The smaller scales follow a 
k-3 power-law, expected for three-dimensional turbulence of 
a passive scalar, while the larger scales approach a fiat white 
noise spectrum. 
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Figure lOb). Wavenumber spectnlm of TM Band 2 reflectiv- 
ity in stratocumulus averaged over 10 scan lines of subscene 
b. The scales smaller than about 200 m follow a k 3.0, similar 
to the fair weather cumulus, while the larger scales follow the 
same k -3/3 law seen in the liquid water in Fig. 9. Peaks at 4 
and 8 km correspond to the cloud streets seen in Fig. 3b). 

Thus at least for the larger scales we expect a 
direct correlation between reflectivity and liquid 
water, though details of the structure of the two 
fields will likely differ. The reflectivity spectrum 
also shows peaks at 4 and 8 km corresponding to 
the cloud streets seen in Fig. 3b). These streets 
appear as a dominant feature to the human eye, 

since the eye has selective detectors for linear 
features, but are no more important in terms of 
spectral power than the k -5/3 background spec- 
trum. 

The type of break seen in Fig. 10b) is expected 
in two-dimensional homogeneous turbulence 
(Kraichnan, 1967). Energy is input at the cloud- 
thickness scale (200 m), and cascades downward in 
wavenumber, producing a - 5 / 3  range, while the 
squared vorticity cascades upward to the dissipa- 
tion range, producing a - 3  range. Spectra of 
wind and temperature from commercial aircraft 
(Gage and Nastrom, 1986) show a - 3 extending 
down from the 1000 km baroclinic forcing scale, 
and change to - 5 / 3  at a few hundred kilometers, 
continuing to the smallest observed scale of a few 
kilometers. The stratocumulus brightness spectra 
suggest another change to - 3  at small scales 
associated with convective forcing. It will be inter- 
esting to see if this break occurs in stratocumulus 
liquid water. A liquid water spectrum from a single 
cumulus cloud (King et al., 1981) gives a power of 
- 1 . 8  down to a few meters. Perhaps the - 3  is 
not found in such rapidly evolving clouds because 
the cloud thickness scale is not well-defined as it is 
in stratocumulus. 

CONCLUSIONS 

We have provided a detailed study of cloud spatial 
structure in the California stratocumulus regime 
with the help of data from the FIRE Marine 
Stratocumulus Intensive Field Observations, focus- 
ing on the 7 July 1987 Landsat Thematic Mapper 
scene. We have shown that the surface, cloud base, 
and cloud top temperatures determined by spatial 
coherence analysis of the TM thermal band are 
validated by the in situ aircraft soundings. The 
agreement is especially close for the cloud base 
threshold, upon which previous fractal studies are 
based. We have contrasted the fractal properties of 
the fair weather cumulus and stratocumulus sub- 
scenes of the 7 July scene. The fact that such 
divergent spatial structures are observed in close 
proximity underscores the potential "mixing" 
which can lead to misleading results in the analysis 
of coarse-resolution meteorological data. We have 
emphasized the importance of the darker, optically 
thinner regions which permeate the stratocumulus 
subscene. Comparison of the wavenumber spectra 
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Figure lOa). Wavenumber spectrum of TM Band 2 reflectiv- 
ity in fair weather cumulus averaged over 10 scan lines of 
subscene a. As expected from Fig. 6a), there is a change of 
scaling properties near 1/2 km. The smaller scales follow a 
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continuing to the smallest observed scale of a few 
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suggest another change to - 3  at small scales 
associated with convective forcing. It will be inter- 
esting to see if this break occurs in stratocumulus 
liquid water. A liquid water spectrum from a single 
cumulus cloud (King et al., 1981) gives a power of 
- 1 . 8  down to a few meters. Perhaps the - 3  is 
not found in such rapidly evolving clouds because 
the cloud thickness scale is not well-defined as it is 
in stratocumulus. 
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We have provided a detailed study of cloud spatial 
structure in the California stratocumulus regime 
with the help of data from the FIRE Marine 
Stratocumulus Intensive Field Observations, focus- 
ing on the 7 July 1987 Landsat Thematic Mapper 
scene. We have shown that the surface, cloud base, 
and cloud top temperatures determined by spatial 
coherence analysis of the TM thermal band are 
validated by the in situ aircraft soundings. The 
agreement is especially close for the cloud base 
threshold, upon which previous fractal studies are 
based. We have contrasted the fractal properties of 
the fair weather cumulus and stratocumulus sub- 
scenes of the 7 July scene. The fact that such 
divergent spatial structures are observed in close 
proximity underscores the potential "mixing" 
which can lead to misleading results in the analysis 
of coarse-resolution meteorological data. We have 
emphasized the importance of the darker, optically 
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CIRAS Technologies 
CIRAS Mission 

•  Demonstrate Key Technologies needed for Infrared 
Instruments on CubeSats 

•  Demonstrate fidelity of Hyperspectral Mid IR 
radiance measurements to retrieve Temperature and 
Water Vapor Profiles 

•  Fill Coverage Gaps and Improve Timeliness of 
Operational IR Sounders 

•  TRL in: 5-6, TRL out: 7 

•  Build: 2016, 2017.  Launch 2018 (TBD) 

Parameter CIRAS 
Spatial   

Orbit Altitude 600-850 km 
Scan Range 0.84° - 57° 

Horizontal Res’n 1.6 km - 13.5 km 
Spectral   
Method Grating 
Band 1 4.78-5.09 µm 

Res’n / Sampling 0.5 / 0.2 cm-1  
Total Channels 625 
Radiometric   

NEdT (@250K) <0.25 K 
Resources   

Size 6U Cubesat 
Mass 8.5 
Power 37.5 

Data Rate 2 Mbps 

CIRAS Measurements 
•  Lower Tropospheric Temperature Profiles 

•  Lower Tropospheric Water Vapor Profiles 

•  Goal: Experimental Demonstration of 3D Winds 

CIRAS will significantly reduce the cost 
of atmospheric sounding in the infrared 
and enable improved timeliness 
through constellations 
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