Above: Color -depth histograms showing dir ection of quasi-linear featur es relative to surface wind vector . A two-tailed t-test is performed against the null hypothesis that pr eferred angles ar e distributed uniformly . Wher e the null hypothesis is r ejected (her e at the 95% level), it can be assumed that ther e is a statistically significant pr eference for the dir ection of alignment of the quasi-linear featur es. For these cases, the median, 25th and 75th per centiles of the distribution ar e shown. A second test (again at the 95% level) was performed to assess whether featur es are mor e frequently aligned to the left of the right of the surface wind vector . Here the null hypothesis is that featur es are aligned as often to the left as to the right of the surface wind vector . Wher e rejected, the pr eference is shown by L (left) or R (right). Contours (dashed lines) show the fraction of all scenes that had a statistically significant anisotr opy at the characteristic scale.

It is inter esting that ther e is a much higher tendency for consistent alignment (either with the wind or to the left or right of it) in the SE Pacific. Acr oss much of the equatorial upwelling r egion the clouds show str ong alignment to the right of the surface wind. This r egion is dominated by streaky turbulent r oll str uctur es (as Example Scene (d)) - very few observations have been made of boundary layer clouds in this r egion. Classical r oll theory (Br own 1970) does not permit rolls to form at the equator as the Ekman BL is undefined.

Right(top): Histograms of angle of quasi-linear featur es relative to the surface wind vector for clouds within 500 km of the coast. Both NE and SE Pacific coastal clouds show a tendency to align towar ds the high pr essur e center r elative to the surface wind vector . This is consistent with the quasi-linear and r oll structur es aligning along the dir ection of the geostr ophic wind which is generally to the right (left) of the surface wind vector in the northern (southern) hemispher e.

Right(bottom). As figur e above but only for str uctur es with characteristic scales smaller than 10 km (typical for classical boundary layer r oll str uctur es)

1. MOTIVATIONS

Boundary layer clouds ar e rarely, if ever, homogeneous in form. Heter ogeneities occur on all scales from mm (e.g. Kostinski and Shaw 2001) thr ough the mesoscale (e.g. Cahalan and Snider 1989) to the synoptic scale (Lovejoy 1998). Two interesting aspects are:

A complete understanding of the convective pr ocesses driving the or ganization and str uctur e of marine boundary layer clouds has not yet been attained (e.g. Atkinson and Zhang 1996). One appr oach is to characterize the types of cloud str uctures over lar ge areas and couple this with synoptic data to examine statistical r elationships between large-scale for cings and cloud str uctural pr operties.

Finite-dif ference numerical models of boundary layer clouds do not explicitly r esolve pr ocesses that are occurring on scales smaller than the grid-box size. Two pr ocesses of particular importance to climate ar e radiative transfer (Cahalan et al. 1994) and precipitation generation (Albr echt 1989). Both pr ocesses have non-linear r elationships between local cloud pr operties (optical thickness; liquid water path) and the pr ocess variable of inter est (i.e. albedo; precipitation rate). For any pr ocess P that depends nonlinearly upon a local cloud pr operty x_C then

so that using the mean value of the cloud pr operty will result in an err oneous estimation of the mean value of the pr ocess. The mean short wave r eflectance of a cloudy domain is always less for a heter ogeneous cloud than that for a cloud in which ther e is homogeneity . For pr ecipitation rates this is r eversed.

P x_C( ) P x_C( ) ≠

2. AIMS

Examine MODIS data fr om both the Californian and Per uvian r egions to assess characteristics of the spatial variability in marine boundary layer clouds. Estimate the dominant spatial scales and mesoscale cellular convection characteristics of boundary layer clouds. Quantify non-isotr opic behavior of cloud fields. Estimate how spatial variability in liquid water path on scales of 1-256 km (scales smaller than a typical GCM grid box) leads to biases in mean pr ecipitation rate if mean values ar e used to estimate precipitation rate.

3. DATASET

Instrument: MODerate r esolution Imaging Spectr oradiometer (MODIS) on the NASA sun-synchr onous Terra polar orbiting satellite. Launched early 2000. Images: 256x256 km scenes of r etrieved liquid water path (L WP) at 1 km r esolution (King et al. 1997). Locations:NE and SE Pacific r egions dominated by boundary layer cloud:

NE Pacific: Long. -150W to -1 10W; Lat. 10N to 50N SE Pacific: Long. -120W to -70W ; Lat. 30S to 10N

Dates/Times: September/October 2000 (pr eliminary study). All data taken at appr oximately 10:30 hr local time.

EXAMPLE SCENES

4. CHARACTERISTIC LENGTHSCALES

Examples of the method used to estimate characteristic lengthscales fr om the 256x256 km images ar e shown. First, a 2D power spectr um is obtained as a function of total wavenumber k. Spectra for the example scenes (a)-(d) ar e shown (right). A power law fit to the power spectr um P_{LWP} at wavenumbers lar ger than 1.5/ λ_0 is obtained, wher e

The characteristic lengthscale λ is defined her e as the wavelength at which the power spectr um falls significantly (at the 95% confidence level) below the power law fit. The characteristic scale is well defined when a significant peak is seen in P_{LWP} (e.g. (b) and (c)). When the spectral peak is poorly defined (as in (a)), the characteristic scale is undefined.

λ_0^{1–} k kP_{LWP} kd 0 ∞ ∫ P_{LWP} kd 0 ∞ ∫ --------------------------- = =

(a) 2D power spectr um (left) showing annulus of constant total wavenumber k. Shaded r egion r epresents wave components that ar e elongated along the y-axis (up the page). The anisotr opy function An is the ratio of the power in the non shaded part of the annulus to the total power in the annulus. Thus An is a function of total wavenumber and shows, for a given scale, the fraction of the total power contained in features that ar e larger in the y dir ection than in the x dir ection.

(b) From the same 2D spectr um we can rotate the wavenumber coor dinate system (left) so that we can estimate the anisotr opy function for any chosen dir ection. This is equivalent to r otating the initial image.

(c) An is plotted (right) as a function of k and r otation angle θ for the test images (a)-(d). V alues of An of 0.5 indicate isotr opy; values higher or lower indicate marked anisotr opy.

(d) For any particular wavenumber k, a plot of An against θ is well appr oximated by a sinusoid (right, above), the amplitude of which is higher for anisotr opic featur es at that wavenumber . For isotr opic featur es the amplitude is zero. An f-test is performed against the null hypothesis that the amplitude of the sinusoid is zer o. An f-test is appr opriate because each power spectral estimate is a variance. The data ar e binned in logarithmically-spaced k bins and An(1/ λ,θ ) is calculated using logarithmic interpolation in k to give the anisotr opy function at the characteristic scale. W e perform the f-test at the 99% level .

(e) The value of θ at which An(θ) has a maximum gives the angle of alignment of the featur es relative to the local coordinate system of the original image (see example (c) above and compar e with test scene).

7. DETERMINING ANISOTROPIC FEA TURES

Do cloud fields exhibit pr eferred orientations? W e use a Fourier technique that uses the rotational pr operty of the 2D FFT to determine whether str uctur es at a particular scale exhibit non isotr opic behavior (i.e. ar e aligned in a particular pr eferred dir ection).

8. ALIGNMENT of FEA TURES RELATIVE TO SURFACE WIND

Over half of all BL cloud images have quasi-linear (non-isotr opic) str uctur e at the characteristic lengthscale. In many r egions, especially close to the S. American coast and near the equator , this fraction can incr ease to > 70%.

Close to the coast, quasi-linear featur es are aligned 10-30^o to the right (NE Pacific) and left (SE Pacific) of the surface wind.

Median values fr om all Sept/Oct 2000 scenes containing warm cloud only . Reds indicate low LWP variability; blues indicate more variable clouds. Clouds close to the N. and S. American Coasts tend to be less variable. The stratocumulus-cumulus transitions r egions ar e marked by incr easing inhomogeneity in LWP. Notice the tongue of gr eater homogeneity in along the equatorial upwelling r egion in the SE Pacific.

6. HOW BROAD IS THE L WP pdf?

For each L WP scene we calculate the squar e of the ratio of the mean to standar d deviation of in-cloud LWP:

γ LWP σ_{LWP}⁄ ( )

1 1 1 1 1 2 -- -- --- --- ---

=

Left: Median Left: Median value of the characteristic lengthscale fr om all scenes with CF>0.5 containing only warm cloud. Blanked r egions have insuf ficient (<50) scenes with CF>0.5. The most striking featur e is the dif ference in the near coastal lengthscales in the NE and SE Pacific. Close to the S. American coast, clouds have much lar ger lengthscales that close to the Californian coast. A marked incr ease in characteristic lengthscale is found in the NE Pacific stratocumulus-cumulus transition r egion; the opposite is found in the SE Pacific transition suggesting dif ferent br eakup mechanisms may be operating in the two r egions.

5. OPEN or CLOSED CELLULAR CONVECTION?

Diagnosis of open or closed cellular convection is carried out using knowledge of both the LWP power spectr um P_{LWP} and pr obability density function (pdf). Experimentation showed that open cellular convection generally has a lar ger amount of integrated power P_{small} in the wavenumber range 0.2 < k < 0.5 km^{-1} (see top left graph below) and considerably lar ger skewness S (top right below). Experimentation suggested the following criteria successfully distinguished open and closed cellular convection (see examples below):

OPEN: All with S>1.8; P_{small} >250 g^2m^{-4}; 0.1<CF<0.75 CLOSED: All others with λ> 10 km and CF>0.1 HOMOGENEOUS (non-cellular): All r emaining with CF>0.1

Above: Fraction of all scenes diagnosed as being homogeneous (top), open cellular (center) and closed cellular (bottom) in form for the NE (left) and SE (right) Pacific r egions.

Most homogeneous clouds ar e found close to the coasts (compar e with γ values below) wher e stratus is common.

In the NE Pacific, the stratocumulus-cumulus transition r egion is characterized by a change from closed to open cellular convection. The equatorial upwelling r egion in the SE Pacific allows closed cellular convection to persist for longer due to the suppr ession of str onger convection and maintenance of a shallow boundary layer.

CONCLUSIONS

Techniques to investigate the str uctural variability, characteristic length scales and anisotr opy in boundary layer cloud using satellite images have been pr esented.

Application of the techniques to two months of MODIS boundary layer cloud scenes fr om the NE and SE Pacific r eveal some inter esting similarities and dif ferences in the two r egions.

The work will be extended to analyse MODIS data for all seasons as they become available.

REFERENCES

Albrecht, B. A., 1989: Aer osols, cloud micr ophysics and fractional cloudiness. Science, 245, 1227-1230. Atkinson, B. W ., and J. Wu Zhang, 1996: Mesoscale shallow convection in the atmospher e. Rev. Geophys., 34, 403-431. Brown, R. A., 1970: A secondary flow model for the planetary boundary layer . J. Atmos. Sci., 27, 742-757. Cahalan, R. F . and J. B. Snider , 1989: Marine Stratocumulus Str uctur e, Remote Sens. Environ., 28, 95-107. Cahalan, R. F ., W. Ridgway , W. J. Wiscombe, T . L. Bell, and J. B. Snider , 1994: The albedo of fractal stratocumulus clouds. J. Atmos. Sci., 51, 2434-2460. King, M. D., S-C. Tsay, S. E. Platnick, M. W ang, K-N. Liou, 1997: Cloud r etrieval algorithms for MODIS. Optical thickness, ef fective particle radius, and thermodynamic phase. MODIS Algorithm Theoretical Basis document No. ATBD-MOD-05, NASA. Kostinski, A. B., and R. A. Shaw , 2001: Scale-dependent dr oplet clustering in turbulent clouds. J. Fluid Mech. 434, 389-398. Lovejoy, S. D., 1982: The ar ea-perimeter r elationship for cloud and rain ar eas. Science, 216, 185-187. Oreopoulos L., and R. Davies, 1998: Plane parallel albedo biases fr om satellite observations. Part II: Parameterizations for bias r emoval. J. Clim.,11, 933-944.

This work was supported by NASA EOS Grant Climate Processes over the Oceans (NAG5-6101)

BIASES: Right (upper): Model mean

equilibrium cloud-base drizzle rate P_{CB} as a function of mean LWP and γfor inhomogeneous clouds having a modified gamma distribution (Or eopoulos and Davies 1998). Note how incr eased inhomogeneity (lower γ) leads to higher mean rates because of the str ongly nonlinear dependence of autoconversion rate upon cloud liquid water content.

Right (lower): Estimated mean pr ecipitation rate biases:

wher e P(LWP) is the pr ecipitation rate calculated for the homogeneous cloud having equal liquid water path. In the relatively homogeneous r egions close to the N. and S. American coasts the bias is less than a factor of two, but incr eases by more than an or der of magnitude in the more heter ogeneous cloud. Ef fects of cloud spatial variability r equir e treatment in lar ge-scale numerical models.

BIAS

PCB P LWP( ) – P LWP ( ) --------------------------------------- =

INVESTIGATIONS of LIQ UID WATER PATH SPATIAL VARIABILITY USING MODIS

Robert W ood and Dennis L Hartmann, University of W ashington, Seattle, W A 98195, USA

email:r obwood@atmos.washington.edu