
Rotating Convective Disturbances inthe TradesDavid J. RaymondSharon A. LewisPhysics Department and Geophysical Research CenterNew Mexico TechSocorro, NM 87801July 13, 1994SummaryObservations of rotating convective disturbances in the Trade Wind re-gion just east of Hawaii are presented. Rotation results from stretching ofvertical ambient vorticity in the convective regions. Surface friction is shownto play a signi�cant dissipative role in these disturbances. Ekman pumpingassociated with the rotation is probably only of secondary importance. Con-vection is found to be associated with weak local maxima in the boundarylayer equivalent potential temperature. This suggests that convection occurswhere such anomalies make the buoyancy of surface parcels larger than av-erage. Convective available potential energies are found to be small, whichmeans that such equivalent potential temperature anomalies are importantin determining parcel buoyancy. We hypothesize that mesoscale circulationsinduced by the ascending motion of convection reinforce the anomalies, re-sulting in the intensi�cation of the circulations. The equivalent potential tem-perature of the boundary layer results from a balance between surface uxesand entrainment from above. Ascending motion apparently reduces entrain-ment, thus allowing the equivalent potential temperature to rise, whereassubsidence has the opposite e�ect. 1



1 IntroductionAs seen from the window of an airliner, convection in the Trade Wind regionsof the world seems to exhibit a great deal of organization on the 30�100 kmscale. This organization has not been much studied. The Hawaiian RainbandProject (HaRP), based on the windward side of the Island of Hawaii duringJuly and August of 1990, therefore provided a unique opportunity to explorethe dynamics of Trade Wind convective organization, at least to the extentthat it survives upstream island e�ects.The HaRP project provided us with two useful tools to study convection,namely the Electra aircraft of the National Center for Atmospheric Research(NCAR) and a pair of C-band Doppler radars fromNCAR. The latter allowedus to characterize the morphology and kinematics of precipitating oceanicconvection out to about 75 km, while the former made in situ thermodynamicand dynamic measurements out to about twice this distance. In addition,satellite imagery helped set the large scale scene.In order to avoid confusing oceanic convective organization with thatcreated by the island, we searched for convective disturbances that initiallyformed near or beyond the maximum range of the radars. Two disturbancesduring the HaRP project stood out in this regard. On 20 July a vortexsimilar to a tiny tropical storm occurred, while on 27 July a persistent rain-shower associated with a roughly north-south shear line moved onshore. Thepurpose of this paper is to document these two cases of oceanic convective or-ganization and, if possible, to determine the governing dynamical processes.The existence of strong vertical vorticity immediately brings to mindthe possibility of Ekman pumping. This has long been considered a keymechanism for organizing oceanic convection (Charney and Eliassen, 1964;Ooyama, 1964; Charney, 1971). Whether Ekman pumping actually does sois a matter of dispute. If there is preexisting conditional instability, one mayplausibly argue that the lifting produced by Ekman pumping can releasethis instability. However, in the absence of such instability, Ekman pumpingwon't produce more than very shallow clouds at the top of the boundarylayer.Independent of its e�ect on cumulus clouds, it is clear that Ekman pump-ing tends to spin down the vortex or shear line causing the pumping (Holton,1972). This leads us to inquire about the energy source responsible for thespinup of these disturbances in the �rst place. Three possible sources of2



energy are 1) ambient CAPE in the Trade Wind layer, 2) Energy releaseproduced by the evaporation of precipitation, and 3) the thermodynamicdisequilibrium between the sea surface and the atmosphere, as discussed byEmanuel (1986).In order for moist convection to add available potential energy (APE) toan atmospheric disturbance, the convective heating must occur in a warmanomaly associated with the disturbance (Lorenz, 1955). Thus, the releaseof CAPE can only counter the destruction of APE at low levels by surfacefriction if the vortex is warm core (Emanuel, 1989).The release of energy by evaporative cooling operates in the Rotunno-Klemp-Weisman (RKW) model of squall line propagation (Rotunno, Klemp,and Weisman, 1988), and is known to be central to the dynamics of manymesoscale convective systems. In contrast to heating, evaporative coolingincreases APE when it takes place in a cold core vortex. Spinup in this caseis aloft, just above the region of evaporative cooling, so it cannot oppose thefrictionally induced spindown at low levels.The ocean surface as an energy source is known to be central to thedynamics of hurricanes (Kleinschmidt, 1951; Riehl, 1954; Ooyama, 1969;Emanuel, 1986, 1988, 1989) and is suspected to to be of importance for theMadden-Julian oscillation (Madden and Julian, 1971, 1972, 1994; Emanuel,1987, 1993; Neelin, Held, and Cook, 1987; Yano and Emanuel, 1991). Di�er-ential heating of the atmosphere associated with variations in the low levelwind speed is the mechanism by which this energy source is postulated to cre-ate vertical circulations and the associated spinup of rotating disturbances.Such disturbances are necessarily warm in the region of enhanced convection,since otherwise the heating could not create APE.The sea surface temperatures in the Trade Wind regions near Hawaii aresigni�cantly less than those in the equatorial western Paci�c. However, theair temperatures are also less, and the degree of thermodynamic disequi-librium between the air and the ocean is almost as strong as that in theequatorial regions. It is therefore reasonable to expect to �nd disturbancesdriven by sea-air uxes in the Trades. This paper shows that the distur-bances we documented near Hawaii were most likely the ascending branchesof mesoscale circulations driven by the sea-air uxes of latent and sensibleheat. 3



2 Theoretical considerationsIn this section we �rst review the theoretical basis for vortex spinup in termsof vorticity dynamics. We then consider how surface heat and momentumuxes can cause a mesoscale circulation to develop. In this paper bound-ary layer means that region below cloud base, while marine layer denoteseverything below the Trade Wind inversion.2.1 Absolute vorticity budgetThe vorticity equation may be written@�@t +r � (v� � �v) +r� (��1rp)�r� F = 0; (1)where v is the velocity, � is the absolute vorticity, � is the air density, p isthe pressure, and F is the frictional force. The z-component of this equationmay be written completely in ux form with horizontal uxes only (Haynesand McIntyre, 1987, 1990):@�z@t +rh � "u�z + k �  F � w@u@z !# = 0; (2)where u and w are the horizontal and vertical parts of v, rh is the horizontalgradient, �z is the z-component of �, and k is a unit vector in the z-direction.The contribution of the vertical velocity to the horizontal components of thevorticity has been neglected, as has the slight vertical component of thebaroclinic generation term.The Ekman velocity, ue, is just that velocity which makes the vorticityux term in (2) balance the force term:ue � �k �F =�z: (3)This reduces to the usual form juej = jF j=f when the relative vorticity issmall compared to the Coriolis parameter, f . Splitting the ow into Ekmanand non-Ekman parts, u = ue + un, (2) becomes@�z@t +rh �  un�z � k � w@u@z ! = 0: (4)4



Integrating over a horizontal area, A, the edges of which have w = 0, leadsto @@t ZA �zdA = @�@t = � I@A �zun � nds (5)where � is the absolute circulation around the periphery, @A, of A, n is thehorizontal outward unit normal on @A, and the integral on the right side isa line integral on @A.Integrating the anelastic mass continuity equation over A results inI@Au � nds = �1� @@z ZA �wdA: (6)Combining this with (3) and (5) yields1�z @�@t = 1� @@z ZA �wdA� I@A(k � F =�z) � nds; (7)where �z is the average of �z on @A weighted by un � n.The total heating is the sum of the convective and radiative parts:H(z) = Hc(z) +Hr(z): (8)Furthermore, the heating is closely related to the vertical velocity in thetropics by H = w@�@z : (9)This relationship arises from the fact that the temperature pro�le in thetropics doesn't change much with time, and in addition has weak horizontalgradients. Under these circumstances, heating can only be associated withvertical motion.The vertical integral of the frictional force per unit volume, �F , equalsminus the surface stress. Representing the latter by a bulk formula with dragcoe�cient Cd, we can therefore write�F = ��sCdU2s�(z); (10)where �(z) represents the vertical distribution of the frictional force and sis a unit vector pointing in the direction of the boundary layer wind. Thevertical integral of �(z) is unity. Solving (9) for w and combining with (10)5



and (7) shows how the spinup of a disturbance can be related to physicalprocesses in the atmosphere.To make further progress we must establish what causes convection inthe Trade Wind regions. When CAPE is non-zero, any mechanism that re-leases conditional instability, including Ekman pumping, can be said to causeconvection. However, as (5) shows, if the inow is precisely that associatedwith Ekman pumping, so that un = 0, then neither spinup nor spindownoccurs | the vortex is steady. If more convective mass ux occurs than canbe accounted for by Ekman pumping, the disturbance spins up. This couldhappen, for instance, if unstable air just above the boundary layer were en-trained into cumulus updrafts. On the other hand, if detrainment of rising airoccurs near cloud base (see, e. g., Raymond and Wilkening, 1980), then thenet mass ux is less than implied by Ekman pumping, and the disturbancespins down. In the extreme case where there is no CAPE, Ekman pumpingis ine�ective in producing convection.2.2 Diabatic heating and coolingWe now turn to the possibility that sea-air uxes can drive convection inthe Trade Wind regions. Sea surface temperatures near Hawaii are approxi-mately 26� C, leading to a typical saturated sea surface equivalent potentialtemperature of �ess = 350 K. 1 Boundary layer values of equivalent potentialtemperature are typically �eb = 335 K, or about 15 K lower.We characterize the total heat ux into the atmosphere from the seasurface by a bulk ux formula for the equivalent potential temperature (Gill,1982): Fe = CeU(�ess � �eb); (11)where Ce � 10�3 is a bulk transfer coe�cient and U is the boundary layerwind speed. In a boundary layer of depth b in which surface uxes are theonly inuence on the boundary layer equivalent potential temperature, �ebwould obey d�ebdt = U @�eb@s = CeU��eb ; (12)1The reversible equivalent potential temperature (Emanuel, 1994) is used exclusively inthis paper. At low levels in the tropics this reads about 8 K lower than the pseudoadiabaticequivalent potential temperature. 6



where s is the displacement in the direction of the boundary layer wind and��e = �ess � �eb is the sea-air thermodynamic disequilibrium. We de�ne thespeci�c recharge length of the boundary layer as� �  @�eb@s !�1 = bCe��e : (13)If b = 600 m, Ce = 10�3, and ��e = 15 K, then � = 40 km K�1. As weshall see, a 1 K increase in �eb is potentially signi�cant to the generationof convection. Thus, sea-air entropy uxes are likely to be important fordisturbances on this scale.If entrainment of air into the boundary layer from above is important,then (12) acquires an additional term:d�ebdt = U� � we��eb ; (14)where we is the entrainment velocity (the volume per unit surface area perunit time of cloud layer air incorporated into the boundary layer) and ��eis the jump in �e from the cloud layer to the boundary layer. In a steadystate the two terms on the right side of this equation balance. The subsi-dence velocity required to maintain equilibrium with observed Trade Windconditions is we = Ub���e = CeU��e��e : (15)Assuming typical Trade Wind conditions with Ce = 10�3, U = 7 m s�1,��e = 15 K, and ��e = 5 K, we �nd we = 0:02 m s�1. This far exceeds theclimatological average for the Trades of a few millimeters per second (see, e.g., Betts and Ridgway, 1989). However, it is consistent with what would befound in mesoscale ows with horizontal scale of order 100 km and horizontalwind perturbations of a few meters per second.A measure of the strength of convective heating produced by sea-air uxesin the steady state can be made in the following way. To a good approx-imation, changes in �, �e, and the water vapor mixing ratio, r, are relatedby d�e�e = d�� + LdrcpTR ; (16)7



where L is the latent heat of condensation, cp is the speci�c heat of air atconstant pressure, and TR is a reference temperature, say 300 K. Assumingthat the surface ux of �e is ultimately distributed through the depth of themarine layer, d, then�sFe = Z d0 � @�e@t !fl dz= Z d0 ��e�  @�@t!fl dz + LcpTR Z d0 ��e  @r@t!fl dz; (17)where �s = �(0), and where the subscripted fl indicates the contributionto the rate of change of the variable in question from the surface heat ux.Thus, the total sea-air heat ux is divided between heating and moisteningthe convective layer.Identifying (@�=@t)fl with the convective heating, Hc, and ignoring thee�ect of radiation so that H = Hc = w(@�=@z), equation (17) can be written�p�sFe = Z d0 �e� @�@z (�w)dz; (18)where �p is the fractional contribution of the �rst term on the right side of(18) to the entire right side. Since convective heating is accompanied byprecipitation, �p can also be characterized as a precipitation e�ciency (Yanoand Emanuel, 1991; Emanuel, 1993).Integrating both sides of (18) over some horizontal area, A, yields�p�s Z FedA � �p�sFeA = Z Z d0 �e� @�@z (�w)dzdA; (19)where Fe is the areal mean of Fe. The area A may be interpreted as the arealextent of the surface uxes required to feed the convection represented bythe right side of (19).3 The HaRP experimentFigure 1 shows a map of the target area of the Hawaiian Rainband Exper-iment (HaRP). This program had many facets, but the tools of primaryinterest to us are the Doppler radars and the Electra aircraft, both provided8



by the National Center for Atmospheric Research (NCAR). Times and datesare in UTC time unless otherwise noted. Local time in Hawaii is UTC - 10h.3.1 Radar dataThe two Doppler radars used in HaRP were CP-3 and CP-4. CP-4 waslocated at the Hilo airport on the Island of Hawaii. Its location was takenas the origin of our Cartesian coordinate system, with x extending east fromthere and y extending north. CP-3 was 17.5 km southeast of CP-4 along theeastern coastline of the island.Both radars operated at a wavelength of 5.5 cm. The individual radarshad a maximumrange of about 76.8 km. However, the optimumdual Dopplerzone was located 10� 30 km o�shore. This con�guration was chosen to pro-vide the best possible observations of island-induced rainbands, the primaryfocus of the project. However, our interest is in convective systems that de-veloped well o�shore and moved toward the island. Thus, we must frequentlydeal with systems that are not ideally situated for dual Doppler analysis.The scan pattern followed by the two radars consisted of 5 successivecoplane volume scans (Miller and Strauch, 1974) interspersed with otherscanning modes. We make use of only the coplane volumes.In a coplane scan the two radars sweep a common plane containing thetwo radars. This plane is referred to as a coplane. The angle made by theplane with the horizontal is called the coplane angle, �. A volume scan isacquired by successively incrementing �.The coplane scanning method assumes that the velocity �eld is stationaryonly during the time necessary to scan one plane. This is an advantageover conventional scanning methods in which the velocity �elds are assumedconstant during the entire volume scan. The volume scan time for the HaRPstudy was about 2.5 minutes, with 12 planes per volume.The traditional method for coplane analysis is to interpolate the data tocylindrical coordinates where it is analyzed. The data are then interpolatedto Cartesian coordinates (Miller and Strauch 1974). Instead of using thetraditional method, we interpolated the data directly to the Cartesian gridcentered at CP-4. The grid spacing was taken to be 0:5 km in all directions.The interpolation of radar ray data to the Cartesian grid was done bymaking a weighted average of all data points inside a box of two grid di-9



mensions in each direction, with the analyzed point at the center of the box.Data points closer to the analysis point were given a greater weight in theaveraging process.An approximate correction was made for the curvature of the earth, sothat the grid is not precisely Cartesian, but is \warped" to make grid eleva-tions true elevations above sea level. This is a relatively minor e�ect for theranges considered in this project.Once the data were interpolated to a common grid, reectivity plots wereused to determine the storm velocity in each case study. Since the translationspeeds of the observed storms reached 8 m s�1, the storms moved up to1:2 km during the time necessary to do a volume scan. Therefore, after thestorm velocity was determined, the interpolation to Cartesian coordinateswas redone with the position of each ray data point advected to a commontime based on the measured translation speed. This time was chosen to bethe start of the volume scan. The air velocity components were determinedusing a method described in the Appendix.3.2 Electra aircraft dataThe Electra carried standard thermodynamic, wind, and particle sensinginstrumentation. We used the Rosemount temperature sensor and a cooledmirror dewpoint instrument to determine the temperature and humidity, andhence the equivalent potential temperature. The Rosemount thermometer isknown to produce anomalously low temperatures in cloud or rain due to wet-ting of the temperature element in an airstream that has been warmed anddesaturated by aircraft-motion-induced compression. Thus, the interpreta-tion of Rosemount temperatures in these circumstances needs to be madewith care. The behavior of the dewpoint instrument in cloud and rain isunknown.Wind measurements are made by adding the aircraft-relative wind to theknown velocity of the aircraft relative to the ground. The former velocity isdetermined by the Electra's radome gust probe and the latter by the aircraft'sLitton Instruments inertial navigation system (INS). Global Positioning Sys-tem (GPS) positions were available for some ights, but were not useful foreither ight of interest in this paper. Therefore we used only informationfrom the INS to determine the winds and aircraft position. Respective errorsare of order 1 m s�1 and several kilometers.10



The placement of the precipitation particle probes on the Electra duringHaRP was not ideal. Apparently aircraft-induced shear and turbulence brokeup large raindrops before they entered the probes, resulting in the detectionof no drops larger than 3 mm in situations in which larger drops are knownto exist. We only use these instruments for the qualitative determination ofthe presence or absence of cloud and rain.4 Case studiesIn this section we describe the two cases of interest. Both of these case studieswere made in disturbed Trade Wind conditions. The base of the Trade Windinversion ranged as high as 650 mb in these cases, which is somewhat higherthan the average value.4.1 20 July 1990A deep but weak Trade Wind ow existed at the start of operations on 20July 1990. At 1518 h (0518 LST) the environmental ow o�shore was foundto be from the southeast, and there was a broad, but weak east-west band ofprecipitation east of CP-4. The Electra launched at 1458 h and the radarsbegan coplane scans at 1539 h. At 1754 h a cyclonic rotation was noticed ina large, amorphous mass of cloud 10 � 40 km east-northeast of CP-4. TheElectra was sent into this disturbance. However, at 1852 h another, strongervortex was noted in the real time Doppler radar display bearing 100� at60 km from CP-4. The Electra was then vectored toward this vortex, andthe coplane scans of the radars were optimized to study this system. TheElectra made roughly north-south passes through the vortex from 1910 h to2048 h, after which it returned to base. The vortex moved toward the westat about 3:3 m s�1 during the period of observation, and coplane scans werecontinued until about 2100 h.Figures 2 and 3 show storm-relative winds (i. e., with the 3:3 m s�1westward movement subtracted) and the reectivity in the vicinity of thevortex at 1926 h and 2017 h and z = 1 km. Note that the vortex has a radar\eye" about 5 km in diameter, and that the highest reectivities are on thenorth side of the eye. The eye is better developed at the later time. However,note that the areal extent of reectivity exceeding 20 dBZ decreased between11



the two times. The storm-relative winds show a nearly symmetric circulationabout the center of the vortex. However, in earth-relative coordinates thestrongest winds are on the north side of the eye where the highest reectivitiesare found.The Electra made a sounding in clear air 140 to 180 km east-northeastof CP-4 from 1513 h to 1518 h. At this time the vortex would have been80 km east of CP-4, which means that the sounding was taken approximately100 km northeast of the vortex.The sounding is presented in �gure 4 in slightly unconventional form(Betts, 1974), which requires a few words of explanation. The equivalent po-tential temperature, �e, and the saturated equivalent potential temperature,�es, are plotted against pressure in �gure 4. In addition, contours of constantpotential temperature, �, are shown as dashed lines. Recalling that � and �eare conserved in dry motions, the changes in the values of �e and �es in theascent of a surface parcel are described by the vertical and slanted lines in�gure 4. Saturation is reached where these two lines meet. In subsequentascent �e = �es, and both follow the vertical line.For both the saturated and unsaturated phases of the ascent the parcelbuoyancy is proportional to the di�erence between the parcel and environ-mental �es curves. Thus, a surface parcel is nearly neutral in ascent to about975 mb, with negative buoyancy until 920 mb. Further ascent yields posi-tive buoyancy until about 660 mb, with the exception of a small region ofnegative buoyancy near 740 mb.The wind at the surface was easterly at 7 m s�1, with westerly shear,leading to a transition to westerly winds above 780 mb.Figure 5 shows a thermodynamic sounding taken within about 15 km ofthe center of the vortex between 1937 h and 2000 h. As the right panel of�gure 5 shows, the sounding occurred in a region of cloud. However, liq-uid water contents measured by the Forward Scattering Spectrometer Probe(FSSP) were quite small, rarely exceeding 0:15 g m�3. Thus, the e�ect ofwetting on the instruments should be minor in this ascent, and the pro�lesof �e and �es should be approximately correct.The major conclusion from this sounding is that essentially no dry bound-ary layer existed in this region | the air was saturated down to about1000 mb, and no potential energy barrier blocked the ascent of moist sur-face parcels. In addition, the low level equivalent potential temperature wasabout 1 K higher than the value in the sounding shown in �gure 4 | 336 K12



rather than 335 K. In spite of this increase, parcel buoyancy near 800 mbwas actually less than in the clear air sounding.The lack of a dry boundary layer was con�rmed by visual observations ofthe Electra ight scientist. No distinct cloud base existed and ragged strandsof cloud extended down to the surface within the vortex.The storm-relative westerly wind component at 2017 h is shown in thevertical, north-south cut of �gure 6. This cut is taken through the centerof the vortex, and linear interpolation of the velocity followed by smoothingwas done to give an estimate of how the velocity varies across the echo-freeregion of the vortex eye. The center of the vortex is at roughly y = �7 km.Maximum storm-relative easterlies of 4 m s�1 occur north of the center aty = 0 km, while maximum westerlies of 5 m s�1 occur south of the centerat y = �11 km. Thus, the average tangential velocity around the vortex isabout 5 m s�1 and the radius of maximum wind is about 5:5 km.Near the vortex the tangential winds decrease with height above 1 �1:5 km. The vortex core tilts slightly to the north and the vortex signatureis still weakly visible at the radar-observed cloud top of 3:5� 4 km.Figures 7 and 8 show the horizontal divergence, rh � u, and absolutevorticity, �z, at the time and elevation of �gure 3. To obtain these �elds,the velocity �eld is linearly interpolated in x and y through missing dataregions. The divergence and vorticity are then calculated using centered dif-ferences and the results are smoothed in x and y using a low pass �lter witha 3 km cuto�. The purpose of this procedure is to obtain estimates of thevorticity and divergence in regions of missing data (e. g., the eye) that aresurrounded or nearly surrounded by good data. Its e�ect is to assign constantvalues of divergence and vorticity to bad data regions that are consistent viathe theorems of Gauss and Stokes with the observed velocity values on theboundaries of these regions. When bad data are not completely surroundedby good data, these theorems are not strictly applicable. However, the inter-polation procedure still yields reasonable results if the gap in the good dataon the periphery of the bad data region is not too large.The estimates of divergence and vorticity in the eye region are probablyadequate. However, spurious values of divergence exist north of the linede�ned by x=90 + y=30 = 1 as the interpolation here is over data voids thatare not well surrounded by good data. These regions are therefore maskedout in �gures 7 and 8.Several conclusions may be drawn from �gures 7 and 8. First, as expected,13



the largest vorticities are concentrated in the vicinity of the vortex | val-ues as high as 1:6 ks�1 are seen there. This region of peak vorticity seemsto be a part of a band of enhanced vorticity that stretches east-northeastto west-southwest. Interestingly enough, a band of convergence is colocatedwith the band of enhanced vorticity. At earlier times this region had re-ectivities everywhere exceeding 20 dBZ. At the analysis time the region ofstrongest reectivity is located generally on the band of convergence, but inregions where the convergence is a minimum, suggesting that convergence issomewhat suppressed there by the evaporation of rain.This correlation between reectivity and convergence suggests that theconvergence is not an artifact of the analysis even though it occurs mostlybeyond the region of optimal dual Doppler synthesis. A �nal point of interestis that the vorticity generally exceeds the divergence by a factor of 2 or moreover the region of the major band. Thus, on the scales passed by the lowpass �lter, the Froude number is less than unity and the disturbance may bedescribable in terms of nearly balanced dynamics using a nonlinear balancemodel (Raymond, 1992).The storm-relative inow to the high reectivity region north of the vor-tex is from the east. Figure 9 shows the ow in a vertical, east-west planeaveraged over 0 � y � 5 km. The domain for this �gure is shown by the nar-row rectangle in �gure 3. The averaging removes much of the error generatedby the unfavorable dual Doppler geometry for this case. The updraft takesthe form of a rather gradual upglide toward the west, with weak downwardmotion below 2 km in the region of highest reectivity. The updraft itselfis broad and weak, with w everywhere less than 3 m s�1. The weakness ofthe updraft is qualitatively consistent with the small CAPE implied by thein-storm sounding shown in �gure 5.Figures 10 and 11 show two north-south passes by the Electra throughthe vortex, the �rst centered at 1928 h at an elevation of 200 m, the secondat 2016 h at an elevation of 650 m. At the earlier time the Electra navigationerroneously located the vortex center about 5 km south of its radar-derivedlocation. This error is much less at the second time.At the earlier time only very light precipitation was detected by the PMS2D-C probe. At the later time somewhat higher precipitation rates werefound at the north and south edges of the vortex eye. Of particular interestis the maximum in equivalent potential temperature that is seen near thecenter of the eye on the earlier pass and on the south edge on the later pass.14



At 200 m the maximum is near 337 K. North of the vortex (presumablyin the middle of the high reectivity area there) the measured equivalentpotential temperature drops to 335 K and returns to near 336�337 K at thenorthern limit of the aircraft traverse. South of the vortex values near 333 Kare found.4.2 27 July 1990On 27 July 1990 a variety of rainbands were studied using the radars and theElectra aircraft. However, the easternmost band stood out in comparison tothe others, in that it was deeper and was associated with a nearly north-southline of convergence and shear. This is the storm on which we concentrate.Unlike the 20 July case, the storm was observed in its intensifying stage.It also was embedded in relatively strong Trades, so that it advected to thewest-southwest at a much higher speed than the 20 July storm, i. e. atabout (�8;�3) m s�1.Figures 12 - 14 show the storm at 0532 h, 0609 h, and 0632 h. The rapidgrowth in storm area with time is evident from these �gures. Maximumreectivities for this system exceeded 40 dBZ, compared with 25 dBZ for the20 July case. It is also clear that the storm was coincident with a nearlynorth-south wind discontinuity. Relative to the above-quoted storm velocity,the wind was westerly on the west side of the storm and southerly on the eastside. The discontinuity is therefore both a line of convergence and cyclonicshear.Figure 15 shows an east-west vertical section of storm-relative winds at0632 h. The section is averaged in the north-south direction over the mostactive segment of the convection. The averaging area is shown as the middlerectangle in �gure 14. Notice that low level inow comes from both sides ofthe convective line, but is stronger from the west side. The updraft tilts tothe east, and is west of the zone of horizontal shear, which itself tilts to theeast with height. The strongest southerly winds are not at the surface, butare east of the shear line near z = 1 km.For purposes of comparison with the 20 July case, the divergence andvorticity at z = 0:5 km are shown in �gures 16 and 17. These patterns wereobtained by �lling as many holes as possible with linear interpolation in xand y, smoothing the �elds with a 2 km low pass �lter, and then maskingout the regions that had reectivity less than 10 dBZ. This reduces noise on15



the boundaries of the good data regions. Unlike the 20 July case there areno important holes in the reectivity pattern that would have been lost bythe masking procedure. The convergence is somewhat stronger than for the20 July case, and no divergence is evident in the radar-observable area.The absolute vorticity �eld shows vorticity perturbations that are similarin size and intensity to those in the 20 July case. In particular, the strongvorticity near (35; 5) km is comparable to that in the vortex of 20 July.However, no radar eye had developed in the 27 July system up to the timeit moved onshore.The Electra aircraft made several soundings during its ight on 27 July.The sounding from 0311 h to 0327 h shown in �gure 18 fortuitously occurrednear the extrapolated position of the shear line and associated storm at thattime. Evidence that the Electra actually crossed the shear line during thesounding comes from the sharp wind changes between 750 and 800 mb. Thepart of the sounding below this level probably took place west of the shearline.The sounding is distinguished by its negligible values of parcel buoyancy.Recall that the low level segment of this sounding was taken on the westside of the storm, which from �gure 15 is the inow side. The wind pro�leshows a shallow region of strong westerly shear near the surface with a nearlyconstant westerly component from the top of the shear layer to near 800 mb.Nearly constant southerly shear is seen from the surface to 800 mb. TheTrade inversion is between 650 and 700 mb in this sounding and the liftingcondensation level (LCL) is roughly 990 mb, or only about 200 m above thesurface. Surface air has �e = 339 K and �es = 343 K.A second Electra sounding is shown in �gure 19. This sounding wastaken from 0155 h to 0205 h about 150 km southwest of the storm, and hasa strikingly di�erent character from the previously discussed sounding. Firstof all, the sounding is unconditionally stable and somewhat dryer. The Tradeinversion is between 750 and 800 mb, or 100 mb lower than in the previouscase. The easterly winds below 800 mb are much weaker than in �gure 18.The sounding was taken 80� 100 km o�shore, so there is unlikely to be anyserious island inuence. The boundary layer �e = 337 K, or 2 K less thanthe value near the shear line, while �es = 344 K, or 1 K more. The LCL forsurface air is 970 mb, or near 400 m, which is twice the previous value.A number of traverses were made by the Electra near z = 200 m. Thewinds, �e, and �es for these traverses are shown in �gure 20 mapped to a16



coordinate system moving with the storm. This �gure con�rms the pictureof higher �e and lower �es near the storm and shows anticyclonic turning ofthe wind southwest of the storm.A single later traverse crossing the shear line was made near z = 300 m(the onset of darkness necessitated the increase in altitude), and is shown in�gure 21. The sharp cyclonic shear and the convergence (assuming a roughlynorth-south line orientation) are evident in this traverse. Also clear is thedecrease in the di�erence between �es and �e near the storm.5 Discussion of mechanismsIt is clear from the analysis of section 2 that the latent heating from convec-tion must play a signi�cant role in spinning up cyclonic disturbances in theTrades. Ekman pumping, though possibly instrumental in lifting air to thelevel of free convection, actually tends to spin down the cyclonic disturbanceresponsible for the pumping in the �rst place.It is possible to estimate the balance between frictional dissipation and in-tensi�cation by convective heating with the data at hand. Figure 22 schemat-ically represents the 27 July case, with the shaded areas showing convectivecells along the shear line, indicated by the thick dashed line. The line inte-gral in (7) may be integrated around the box ABCD shown in this �gure.In the case where the system is slab-symmetric, the contributions from thesegments BC and DA cancel each other, leaving only the AB and CD seg-ments. In these segments only the y-component of F , Fy is important. Weassume �(z) = 1=b for z < b and zero above that level. For b of order theboundary layer depth, �(z) � �s and Fy � �CdUUy=b from (10), where Uyis the y-component of the boundary layer wind, U . The line integral in (7)therefore becomesL = I@A(k � F =�z) � nds � Cd�(UUy)Y�0b (20)where �0 is the ambient absolute vorticity away from the storm, �(UUy) isthe di�erence in UUy between the AB and CD segments of the line integral,and Y is the length of the AB and CD sides of the box.Assuming that all signi�cant vertical motion is radar-visible, the �rst17



term on the right side of (7) which is the areally integrated convergence,K � 1� @@z ZA �wdA (21)may be computed directly from radar observations. The right side of (7),K � L, may therefore be estimated.Figure 23 shows a vertical pro�le forK computed over the part of the 0632h volume of 27 July shown by the large rectangle in �gure 14. The averagevalue of K over the lowest 500 m is about 75 km2 ks�1. From �gure 21,UUy � 0 on the left side of the line because Uy � 0 there. On the right sideof the line the x-component of U , Ux � �8 m s�1 in the reference frame ofthe earth, while Uy � 5 m s�1. Thus, �(UUy) � 50 km2 ks�2. If Cd � 10�3,b � 0:5 km, Y � 20 km, and �0 � f � 0:05 ks�1, then L � 40 km2 ks�1, andK is about twice L, resulting in a tendency to spin up.A rather di�erent situation exists for the 20 July case. Figure 24 shows theintegrated convergence pro�le, K, for 2017 h. In this system the convergenceis distributed over a much greater depth, and the value of K at the surfaceis only about 25 km2 ks�1. The value of L is harder to calculate due to thelack of slab symmetry, but a rough estimate yields L � 90 km2 ks�1. Thus,L > K in this case and the disturbance should have been spinning down.The main sources of error in these estimates are in the frictional term, L.However, even if the bulk parameterization for friction is o� by up to 50%,the same qualitative conclusions are reached. In both cases these conclusionsagree with the observed behaviors of the respective systems. The radar-visible area of the 27 July storm was rapidly expanding with time, while the20 July storm appeared to be dissipating.The reectivity values and the vertical pro�le of convergence for the 20July case suggest a largely stratiform system, while the 27 July case consistsof vigorously growing convection with little stratiform component. If TradeWind systems undergo the same type of evolution that is seen in deep tropicalconvection (see, e. g., Houze, 1981), then the 27 July storm was observedearly in its life cycle whereas the 20 July storm was in a late phase. The deepregion of inow in the latter contrasts with the shallow inow in the former,in agreement with this scenario.One aspect in which the observed Trade Wind disturbances di�er fromdeep tropical convection is in the absence of downward transport of air withvery low values of equivalent potential temperature. This is probably because18



such low �e air simply doesn't exist in the marine layer where it would beaccessible to evaporative cooling by precipitation. Though such air existsabove the Trade Wind inversion and is known to be entrained into the marinelayer, the clouds seem to be unable to transport this air to the surface withoutsubstantial dilution by marine layer air.In both cases reported here the CAPE available to convection in theconvectively active regions was minimal. Thus, convection must have beentightly coupled to sea-air uxes of energy in these disturbances. Given theestimated speci�c recharge length for equivalent potential temperature of40 km K�1, a traversal of 100 km of ocean would be su�cient for a boundarylayer air parcel to acquire the typical 2 K excess of �e observed in convec-tively active regions compared to quiescent regions. This, of course, assumesthat boundary layer air is not strongly diluted by subsiding marine layer airwith lower values of equivalent potential temperature. However, the abnor-mally low lifting condensation levels seen in these systems means that thesubcloud layer would recharge even more rapidly than estimated above. Inaddition, as we now discuss, the incorporation of some lower equivalent po-tential temperature air from above is crucial in setting up an instability thatmay ultimately be responsible for the 100 km structure of disturbances inthe Trades.Imagine the following instability mechanism. Assume that the equilib-rium boundary layer equivalent potential temperature results from the bal-ance described in (14) between surface uxes, which tend to increase its value,and entrainment of air from above, which tends to decrease it. If a regionsomehow acquires a slight excess of �e in the marine layer, the entrainmentof marine layer air into the boundary layer will not reduce �e there as much,resulting in a tendency toward higher boundary layer equivalent potentialtemperature. This in turn will result in increased boundary layer parcelbuoyancy and a tendency for upward motion.The upward motion will result in inow at low levels and outow atupper levels, with subsidence surrounding the region of ascent. Subsidencewill increase ��e, amplifying the e�ects of entrainment there. The oppositewill happen in the ascending region. As a result, the boundary layer �ewill further decrease in subsidence regions and increase in regions of ascent.Note that this mechanism depends on there being no low equivalent potentialtemperature downdrafts in convective regions.The boundary layer air in the subsidence region will ultimately ow back19



into the ascending region. Since this air acquires a low value of �e in thesubsidence region, it must have a chance to increase its �e enroute to theconvective area | otherwise convection there will be short-lived and the in-cipient disturbance will collapse. This recharge could happen in a number ofways | as (14) shows, the vertical gradient of �e and the subsidence veloc-ity could decrease in the recharge region, and the surface wind speed couldincrease there. Figure 25 shows a schematic illustration of this instabilitymechanism.Since this mesoscale circulation is taking place in a region of nonzeroabsolute vorticity, it naturally results in the spinup of the ascent region andthe spindown of the subsidence region at low levels. However, surface frictionis primarily dissipative in this scenario, since convection is assumed to becaused by increased low level parcel buoyancy rather than by convergence.Ekman pumping plays at most a secondary role in organizing the convectivepattern, since the CAPE is small.As a �nal check on the notion that the observed convective systems arebeing fed by a mesoscale instability that extracts energy from the sea surface,we use (19) to estimate the sea surface area required to feed the convectionon 27 July located inside the large rectangle in �gure 14. If Ce = 10�3,U = 8 m s�1, and ��e = 15 K, then Fe = 0:12 K m s�1, which correspondsto a total surface heat ux of about 160 W m�2. Using w from Dopplerradar measurements and assuming �p = 1, we �nd A � 7000 km2, whichcorresponds to a square about 80 km on a side. This is commensurate withthe apparent dimensions of the mesoscale circulation hypothesized in �gure25. Similar results are obtained for the 20 July case.Fiedler (1993) presented the results of a three-dimensional simulation ofdry convection with poorly conducting boundaries. Convective cells withvery large aspect ratios were found in these calculations. We speculate thatthe observed disturbances share dynamical characteristics with this simula-tion. In both cases extended proximity to the surface is required for parcelsto acquire enough energy to convect. This may explain the large aspect ratiosseen in the convective cells in both cases.20



6 ConclusionsThese two case studies provide ample evidence for dynamic and thermody-namic structure on the 30�100 km scale in the Trade Wind regions. Factorsthat signi�cantly vary on this scale are the wind �eld, the potential temper-ature and equivalent potential temperature of the boundary layer, the liftingcondensation level, and the height of the Trade Wind inversion. Rotatingconvective systems are coupled to the mesoscale structure in these two cases.We hypothesize that the observed mesoscale circulations result from aninstability that tends to reinforce mesoscale equivalent potential tempera-ture anomalies. The key assumption is that regions of anomalously highboundary layer equivalent potential temperature exhibit higher than averageparcel buoyancies, and hence mean ascending motion. The correlation be-tween higher �e at low levels and convection holds in both of the case studies.Furthermore, observed values of CAPE are nearly always very small, whichmeans that the buoyancy enhancement due to increased low level �e is im-portant in these systems.The rotation present in the two observed cases undoubtably resulted fromsimple stretching of absolute vorticity by the upward motion associated withthe convection. We suspect that Ekman pumping played at most an inciden-tal role in forcing these systems, since there is little or no ambient CAPE forthis mechanism to release | the vertical motion is most likely free convec-tive in origin, and is controlled by boundary layer thermodynamics. Surfacefriction plays an important dissipative role.These studies documented situations that are probably not typical ofambient Trade conditions { cloud bases were lower than the nominal 500 �600 m and the top of the marine layer was higher than the usual 850 mb.However, since two similar cases occurred only a week apart, it seems unlikelythat this type of situation is rare. Though we have not made a systematicsurvey of events during the full period (six weeks) of the HaRP project, afew other similar, but perhaps weaker, situations may have developed duringthat period.Aside from scale, the main way in which the observed systems di�er fromdeep tropical convection appears to be in the lack of low equivalent potentialtemperature downdrafts. Recent work by Emanuel (1989) suggests that thisdi�erence is crucial in the behavior of convection over warm water | it ismuch easier to spin up low level vortices when downdrafts are weak or absent.21



The present results certainly support this contention. They also suggest thatdownward entrainment of low �e air into the boundary layer is as important acontrol on boundary layer equivalent potential temperature as surface uxesand deep convective downdrafts.Unlike Emanuel's (1989) �nite amplitude tropical cyclogenesis mecha-nism, the instability postulated here is linear, implying that the resultingconvective systems should be quite common in disturbed Trade Wind condi-tions. Existing evidence is sketchy, but does not rule out this hypothesis.Acknowledgments. The HaRP project involved the combined e�orts ofmany people. We particularly wish to thank Al Cooper and Rit Carbonefor their leadership in this program and Tom Schroeder for providing helpfulinformation on satellite imagery. Mike Fullerton of the University of Hawaiiat Hilo played an essential role in making local arrangements. Marcia Bakerand Al Cooper were respectively the ight scientists on the Electra on 20and 27 July. Michael Bannister helped out in the �eld phase of the HaRPproject. The project would not have been possible without the dedicationof NCAR's Atmospheric Technology Division. Their operation of both theElectra aircraft and the two radars was exemplary. We also acknowledgethe support of the Scienti�c Computing Division at NCAR for their help inproviding the radar data. David Johnson kindly provided a map of the Islandof Hawaii in Postscript form. This work was supported by the AtmosphericSciences Section of the National Science Foundation under Grant Nos. ATM-8914116 and ATM-9311735. Sharon Lewis acknowledges support from theNew Mexico Tech Graduate O�ce from funds provided by the State of NewMexico. AppendixDoppler radar measures the projection of precipitation particle velocityalong the radar beam:Vi = vp � ri = vpxrix + vpyriy + vpzriz; (22)where Vi is the velocity measured by radar i, vp is the particle velocity, andri is the unit vector from radar i to the point measured.We �rst eliminate particle velocity in favor of air velocity, va, in (22).The horizontal components of air and particle velocities are the same. The22
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Figure 1: Map of the Island of Hawaii with the locations of the two radarsmarked. The elevation contours on the island are at intervals of 1 km. Thecoordinate system is centered at the radar CP-4.
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Figure 2: Storm-relative horizontal winds and reectivity of vortex on 20 July1990 at 1926 h and z = 1 km. The contour interval on reectivity is 5 dBZwith reectivities exceeding 20 dBZ hatched. The scale for wind vectors is2:5 m s�1 km�1. Data have been thinned to 2 km resolution for clarity.
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Figure 3: Storm-relative horizontal winds and reectivity of vortex on 20July 1990 at 2017 h and z = 1 km. The contour intervals, etc., are the sameas in �gure 2. The rectangles indicate averaging regions discussed later.
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vFigure 4: Sounding from the Electra taken in clear air approximately 100 kmnortheast of the vortex of 20 July 1990. The left panel shows equivalent po-tential temperature (left curve) and saturated equivalent potential temper-ature (right curve) plotted against pressure. The vertical and slanted linesillustrate the ascent of a surface parcel. The right panel shows the westerly(u) and southerly (v) components of the wind.
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Figure 5: Sounding from the Electra taken through the central region of thevortex. See �gure 4 for an explanation of the left panel. The right panel isthe liquid water content during the sounding as measured by the FSSP. Thesounding was interrupted at 850 mb for a traverse through the system.
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Figure 6: Storm-relative x-component of the wind in a north-south sectionat x = 44 km for 20 July 1990 case. The time is the same as in �gure 3.The contour interval on the relative wind is 1 m s�1, with vertical hatchingfor values exceeding 1 m s�1 and horizontal hatching for values less than�1 m s�1.
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Figure 7: Divergence,rh �u, in horizontal cut at z = 0:5 km of 20 July 1990storm at time of �gure 3. The contour interval is 0:25 ks�1. Values greaterthan 0:25 ks�1 have vertical hatching, while values less than �0:25 ks�1 havehorizontal hatching.
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Figure 8: Absolute vorticity, �z, in horizontal cut at z = 0:5 km of 20 July1990 storm at time of �gure 3. The contour interval is 0:25 ks�1 and valuesgreater than 0:25 ks�1 have vertical hatching.
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Figure 9: East-west cut averaged over 0 � y � 5 km. The cut is along theinow path to the convection creating the high reectivity area in �gure 3.The reectivity is contoured at intervals of 5 dBZ, with vertical hatching forreectivities exceeding 20 dBZ. The velocities are relative to the motion ofthe vortex, and the velocity scale is 5 m s�1 km�1.
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2D-C concentration (particles/l) vs y (km) Figure 10: Traverse of the Electra through the vortex of 20 July 1990 from1923 h to 1934 h at 200 m. The top panel shows the storm-relative westerlywind component, the middle panel the equivalent potential temperature, andthe bottom panel the PMS 2D-C particle concentration. Navigational errorslocate everything about 5 km south of where it should be when compared toradar observations.
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2D-C concentration (particles/l) vs y (km) Figure 11: Traverse of the Electra through the vortex of 20 July 1990 from2013 h to 2020 h at 650 m. The top panel shows the storm-relative westerlywind component, the middle panel the equivalent potential temperature, andthe bottom panel the PMS 2D-C particle concentration.
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Figure 12: Storm-relative horizontal winds and reectivity of storm on 27July 1990 at 0532 h and z = 1 km. See �gure 3 for contour intervals, etc.Data were thinned to a 1 km grid.
38



-5.00

0.00

5.00

10.0

15.0

20.0

30.0 35.0 40.0 45.0 50.0 55.0
y (km) vs x (km) 

27 July 1990, 0609 UTC, z = 1 km

Storm-relative winds

Figure 13: Storm-relative horizontal winds and reectivity of storm on 27July 1990 at 0609 h and z = 1 km. See �gure 3 for contour intervals, etc.Data were thinned to a 1 km grid.
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Figure 14: Storm-relative horizontal winds and reectivity of storm on 27July 1990 at 0632 h and z = 1 km. See �gure 3 for contour intervals, etc.Data were thinned to a 1 km grid. The rectangles indicate averaging regionsdiscussed later.
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Figure 15: Storm-relative wind components in an east-west section averagedover 5 � y � 10 km for 27 July case. The southerly relative wind com-ponent is contoured at intervals of 1 m s�1, with horizontal hatching show-ing winds less than 2 m s�1 and vertical hatching showing winds exceeding4 m s�1. The vectors show winds in the plane of the �gure with a scale of5 m s�1 km�1.
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Figure 16: Divergence in horizontal cut at z = 0:5 km of 27 July 1990 stormat 0632 h. See �gure 7 for contour information.
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Figure 17: Absolute vorticity in horizontal cut at z = 0:5 km of 27 July 1990storm at 0632 h. See �gure 8 for contour information.
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vFigure 18: Sounding from the Electra taken across the shear line on 27 July1990. See �gure 4 for details.
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Figure 19: Sounding from the Electra taken 150 km southwest of the studiedstorm on 27 July 1990. See �gure 4 for details.
45



-100

-75.0

-50.0

-25.0

0.00

25.0

-100 -75.0 -50.0 -25.0 0.00 25.0
y-rel (km) vs x-rel (km) 

337;342

336;343

336;343

336;344
336;344

337;343
336;341

336;341

336;341

337;342

340;341

338;341

339;342

338;343
336;344

* STORM0210-0240

0300-0312

0435-0444

27 July 1990

z < 300 m

Figure 20: Series of Electra traverses below 300 m elevation to west of shearline. The x � y coordinate system moves with the studied storm, which islocated at the origin. The numbers show �e and �es at each point, and thewind vector scale is 5 m s�1 per 25 km.
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Figure 21: Electra traverse through the shear line. Elevation was near z =300 m. The x� y coordinate system moves with the studied storm, which islocated at the origin. The numbers show �e and �es at each point, and thewind vector scale is 5 m s�1 per 10 km.
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Figure 23: Vertical pro�le of integrated convergence, K, for the 27 July caseat 0632 h. The areal integration was con�ned to the limits indicated in the�gure. These limits are illustrated by the large rectangle in �gure 14.
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Figure 24: Vertical pro�le of integrated convergence, K, for the 20 July caseat 2017 h. The areal integration was con�ned to the limits indicated in the�gure. These limits are illustrated by the large rectangle in �gure 3.
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Figure 25: Illustration of the development of a mesoscale circulation drivenby a gradient in the boundary layer equivalent potential temperature. Parcelsrising from the boundary layer are more buoyant where �e is higher, result-ing in mean ascent. This in turn reduces entrainment from above, allowingsurface uxes to further increase boundary layer �e. The opposite e�ectoccurs in subsidence regions, where mixing of low �e air down from aloft de-creases boundary layer �e. Boundary layer equivalent potential temperatureincreases as air moves through the recharge region where subsidence is weak.51


