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Fig. 7 — Comparison of the relative-humidity calenlations obtained from
the dry-blub and wet-buld temperature measurements of flight 51 (points).
and the model estimates of relative humidity based only on shipboard

observations (line)
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Fig. 8 — Comparison of the absolute-humidity caleulations obtained
from the dry-bulb and wet-bulb temperature measurements of flight 51
(points} and the model estimates of the absolute humidity based only
on shipboard ohservations (line)
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Fig. 9 — Comparison of the model estimates of a relative-humidity pro-
file which predicted a dry upper air layer from surface measurements
made at the time of flight 42 (line) and the kite-balloon measurements of
relative humidity based on dry-bulb and wet-bulb temperatures (points)

Not all predictions are this reassuring however, Figure 10 is a plot of air-temperature
measurement from flight 21 near the Gulf Stream. The air-temperature measurements
(although the most basic and simplest of the measurements to make) seem to give absurd
data. The problem results from the time required for the measurement, that is for the kite
balloon to climb to altitude and then to be reeled back to deck height. Because the before
and after calibration measurements of these data are accurate, the conclusion is that the
atmosphere is changing rapidly. Thus during the 50 minutes required by the kite-balloon
system to climb to maximum altitude and then to be reeled to the surface the assumption
of a stationary atmosphere does not hold, Consequently a static model cannot duplicate
these rapid changes in air-mass characteristics. It may well be that the model prediction is
closer to a snapshot of the profile at one instant of time while the profile is changing from
one form to the other than can be obtained from a measuring system which is slow relative
to the time response of the nonstationary atmosphere,

The model predictions and the in-situ data taken over all of the flights of the 1977
EOMET cruise at the positions shown in figure 5 were compared as follows to allow the user
some idea of the error bars on the model estimates. A calculation was made of the RMS
error of the model predictions at 100 altitudes equally spaced below the maximum altitude
obtained on the flight relative to the least-square third-order polynomial fits to the measure-
ment data at the same 100 altitudes. This analysis shows that the worst-case air-temperature
RMS error by the model was 8.7°C (for flight 3) but that the average RMS error for all
flights was 0.7°C. A similar analysis shows that the model had an overall average RMS error
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Fig. 160 — Example of an air-temperature profile {points) {obtained in & rapidly
changing air mass from a sounding system that takes about 50 minutes to make a
complete ascent and descent) that cannot be used to represent a stationary pro-
file against which to test a static model (line). The data in this plot were ob-
tained from flight 21,

in the relative-humidity estimates of about 20%. These errors however inciude not only
inaccuracies of the model but all types of errors which might exist in this experiment, such

as nonstationarity of the air mass.

The model test was also analyzed to see if the errors of the model depended on altitude.
One would expect that, since the model is based on measurements at the surface, the model
accuracy would decrease with altitude, so that the RMS errors between data points and
model predictions would increase with altitude.

Table 1 shows the RMS differences between data points at the various measurement
altitudes and the model predictions of the data at the same altitudes. These differences
are averaged over all of the flights in 100-meter altitude bands. The RMS errors indeed fend

to increase with altitude.
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Table 1 — Altitude Dependence of the RMS Errors of the Model

. Number of RMS Error
Altitude Observations
Interval . . Air Relative Absolute
in Altitude 2. g
(m) Interval Temperature Humidity Humn%lty
(°C) (%) (g/m*)
0-100 480 1.01 9.54 1.06
100-200 296 1.21 9.71 0.94
200-300 365 1.24 9.86 1.06
300-400 341 1.34 11.93 1.40
400-500 155 271 20.47 2.15
~over 500 81 1.65 16.36 1.68
17
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APPENDIX

PROGRAM LISTING

FUNCTLION RELHUM (Z2,Ey,L5diP,TALE,VAPLD)
FHREE RO ER KK TR R KRR Rk K RARR NN SRS R R RS SRR R R 2 RN
1.10ENTIFICATLION NAME: EKeldUs
2.TLTLE: METEOROLOGICAL PHOFilLir uSLLMATES FROM SHIP OEBES.
3.AUTHOK: STUART G. GATHMARN
Y.QRGARIZATION: NRL
5.DATE: JULY 1977
6.ROUTINES CALLED:ABORT,ALT,PALI, VAPFE,C10,Z2ZERU, U3, STAR,
THZ, THSTRH , FHLNT,2CON, Sh1Xk, 18,1788, VP ,TABS, TCENT, LINIT
IR R R e T T T Ty L 2T TS T P S
DIMENSAON ISHLP (12},IF06(14),iDilse{17) ,ICLE (6)
IPW=LSHLP (1)
ILCL=ISHIP (2)
IASL=1SHIP (3)
AAT=LSHID (4)
ICLHT=ISHLP (5)
LDPT=ISHIP (6)
LSST=1SHIP (7)
INS=ISHIP (8)
IV1S=L{SHIP{9)
IiWS=LISHIP {10)
IIVIS=ISHIP(11)
ICA=ISHIP(14)
DATA(IFOG(L) ,£=1,14) /10,11, 12,28,40,41,42,43,44,45,

1 46,47, 44,49/
DATA(IDRIZ(L),1=1,10)/14,15,10,40,24,50,51,52,53,54/
DATA(LIDRIZ(I),I=11,17) /55,56,57,58,59,60,61/
DATA{ICLA(L) ,1=1,6)/0,1,2,3,4,5/

oo on

c
C
C CHECK FOR INDICATLONS OF FOG AND iF FOUND GO TO 100
c
LF(IVIS.LE.94) GO TO 100
IF{ILVIS.Ey.1) GO TO 100
DO 20 J=1,14
20 LFP{IPW.EQ.IFOG(J)) GO To 100
C
C
C CHECK FCH INDICATIONS OF DRIZLLE ANU ir
C FOUND GC TO STATEMENT NUMBER 300
C
DO 30 J=1,14
30 IF(lP%.E(.IDRIZ(J)) GO To 300
c
c
C CHECK POR CLEAB WEATHER(IE NO INDILATION OF PREC.} AND
C IF FOUND GO TO STATEMENT NUMBEd 600
C
DO 40 J=1,6
40 IF (IPW.EQ.ICLA(J)) GO TO 600
¢
C
C IF THE PEOGRAM GETS TO THIS PULNT WE HUST ABORT.
C

50 CALL ABORT (4,L0,I0PT,LAT,Rd)
BREL HUM=RH
TALE=TCuNT (IAT)
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VAPLD=Z. 16 5*RELHUN*VAPPR (LALR) /{TALE+273. 19}
CALL LIRITS (R, VAPLD,TAYu, Ly}
RETURN

THIS PAEI OFf TUE PROGHAM 1S FUR TlubS UF FOU INDICATIONS.

100 RELEUH=T00.
TAIB=TCERT (LAT}
VABLD=216.5%VAPPu(TAIR) / (TALa* 27 5. 1)
110 Iy=10
IF {Z.6Ta4G0.) Lyu=6
IF[2.6T. 1000} Lyu=2
KELTURN

THIS PAET OF THE PROGRAM LS FOR NOM PRSCIPLTATION TIMES.

600 LF(ILCi.EY.6) GO TO 700
1F (ILCL.Eg.4) GO TO 700
IF{ILCL. EQ.7} GO TO 700
LE{IASD.LT.0} GO TO BOO
1F (1AS5D. Eg.0} GO IO 900

THE STABLE ATHMOSPHERE

777 CONTINUE
1F (ZeLT.20.) GO TO 1000
G0 10 1100

THIS PABT OF THE PROWEAN IS FOR VasTAwkE CASES.
DETEBMINE THE DEPTH OF THE SUPLRAUVLAUATIC LAYER.

BOD Iy=1p
DIF=ABS{FLOAT{IASD}/10.)
IE(LIF.GT.0.5) GO TO 550
ZSA=10.%DLF
G0 TO 870

850 4SA=11.92+9.69%ALOG{DIF)

NEXT DETERMINE IF 2 1S ABOVE Ox oBELOW TdE TOF OF THE
SUPLZBRADIALATIC LAYER.
870 EF(4.LE.Z5K) GO TU 2000

FOH 45A < & < ZH, ZHETA AMND u Ans COMSTANT WERT ALIITUDE
AND E(UAL 1U THE VALUES DETERAINZDL a4l 4=LSA.

1500 THSA=Thé (L1WS,i%S,L3,L550,LAT,254)

CSATPL (LTINS, INS ,Iu IS5, 10k T ,454, LAT) -

FIND THE LIFTING CONDENSATIUN LsVis FuOf YALUES OF THETA
AND ¢ UDETESMINED AT THE Tul ui IHE SUZSHADIABATIC LAYER.
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o

LC=4CON (THSAL,USAL,L35R)

DETERMINE THE CLOUD AMOUNT TU Sxo Lr THREE IS A
TRANSITION Z0NE EXISTING.

aoaoona

1810 CONTINUE
IF(ICA.LT.2) GO T0 1600
4 H=4C
1F(Z.GE.2ZH) GO TO 1700
18C0 E=VE (WSA,Z)
TALR=TEMP (THSA,2)-273. 15
ESAT=YAPPR (TAIR)
VAPLD=216.5%E/ (TALR+273. 1)
RELHEUM=100.*E/ES5AT
CALL LIMITS (HELHUM,VAPLD,TALR, iy)
BETURN

THE IN CLOUD CASE

oo

1700 RELBUS=100.
TALE=TEMP{THSA,Z)-273. 15
VAPLD=216.5%VAPPR(TALR) /{TALik*274. 15)
1F{2447.2000.) RETU&N
T2000=TEMP (THS5A,2000) - 273.15
Q<0Qp=SMIK {%,T2000)

WU=QZ000% 4EG/L* %2
ESAT=VAP PR (TALR)

E=VE(Q,2)
RELHUM=100%L/ESAT
VAPLD=216.5%E/TENP (THSA, 1)
RETURN .

THLIS PABT OF THE PrOGRAM IS kKol A CLOUDLESS CLOUDLAYER.

nOoo

1600 ZH=0.8%ZC
IF(2.GI.2C) GU TU 149G0
1F (2. LT. 2H) GO TO 1800
DELZ=4C-2ZH
L4H=TEME {THS A, 4 H)
Ti=TL4H-0.0006% (4-4H)
Wvad=yYSA
TZl=TLaH—0.006*DaLZ
QZC=0.78*SHIX&(ZC,TZC-273.15)
THSA=TH{TZ,%)
WSASQLEY (QEC—~ULH) * (a—-ZH) /DELE
GU TOo 1800

THLS 1S5 THETA AND & CALCULALsu FU& 4 SUPER A LAYER

conen

2000 X=Thi(11WS,Ia5,Ly,I1S5T,1AT,4)
B=UZ (11¥S,1W5,19,185T, IDPT, 4, LAL)
TC=1EMP (X,2)~273.15
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VIEST=¥P {&,2)
VAPTST=VAPPE (TC})
RELHUN=100.%VTEST/VAPT ST
TALR=TC

VARLD=216.5%VTEST/ (TALR+.273.15)
L0=ZZERG {L1u5,Id5, 10}

FL=FBLHT (L4S,[iW5, IS5T,IAT, 10}
FCh=(2+40) /FL

1F {(FCH.LE.G.03) GU TO 20130
Ly=ly—-2

CONTINVE

CALL LIKITS (SELAUY,VAPLD, TALK, iyj
HRETURN

STABLE ATMOSPHBRE, Z> SHIP Ma5T dEluHT,

Ig=y

CLEAS=FLOAT (ICLHT)

CTOE=CLBAS+500

1¥({2.GE.CTOP) GU Tu 1105

IF(Z.GE.CLBAS) GO TQ 1104

THS=TH (TABS (IAT) 420. )+ (2—20.) * 2. / (CLBAS-20.)
g5=5M81XR (20. ,TCENT (LLPT))

GG 16 1110

THS=TH (TABS (LAT) ,20.}t 2.+ {46~ LBAS)*. 0006
WS=5MLAR (20. ,TCENT (LDPT))

G0 T0 1110

THS=TH {TABS{LAT) ,20.)%54.00001%{u~CTQOP)
US=SMIXk (20e ,TUENT {(IDPT) ) ¥LLOPRLTOE/ % *L
CONILNUE

E=VE {Q5,2)

TAIR=TEMP{THS5,2)-273.15

ESAlI=VAPPR (TRIR)
VAPLD=2106.5%E/TENP (THS5,3}
BELHUM=100.,%E/ESAT

1F (EELHUM.LE.100.) RETURN

RELBUE=10D.
VAPLD=216. 5¥ESAT /TEMP({IHS, 4}

RETURN

TABLE ATHOSPREkE,2< SHIP BAhoY diiudl.

THSE=TH (TABS {1AT), 20.)
THW=T4 (TABS (ISST), 0.)
USP=SHIAR{20.,TCENT {IDPT))
UWT=.96%«S8IXR (1. ,fCENT {(I358);
THSA=THW +2% (THS P~T HW) /20,
USASQUTHL* (4SP-QUT) /20

=1

60U 36 1800

EUTRAL ATHOSPHERE CASE

Iy=10
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L¥ (ZelLTe 20.) GO TO 975
THSA=TH (TABS (1551) ,0.)
USA=SMIXA (20.,TCENT(1LPT))

950 LU=121% (TCENT (LAT) —TCENT (10P7) )
1F(Z.LE.2L) GO TO 1300
GO To 1810

975 TALE=FLUAT (155T) /10.
USEA=0.9B%XSKIX (0., TCENT (455iy)
UMAST=5MIX (20. ,TCENT (ZDPE))
o= (WMAST—uSEAR) %4,/20, +USEA
E=VE (y,4)
ESAT=VA? PR (TALK)
RELHUM=10Q,*E/ L5 AT
VAPLD=216. 9%5/ (TALR#27 3. 15)

KETURN
C
c
C THIS PART UF THE PROGRAM TRZAIS LIGHL 8ON FREEZING PREC.
¢ OR DRiL%ZLEe RELATLVE HUMIDITY i35 AS5UMED EVERYWHERE TO BE
¢ THAT OF THE SHIP.
<

J00 BRELHUM=100.%VARPPR(TCENT{lDPi})/VAPPR (TCENT (1AT))

GC To 110

C
¢
C THIS IS AN APPROXIMATLON FOR THE CLUULLESS "CLOUD LAYEE"
C AFTER MALKUS (1958)
C

1900 RELHUM=T78.
1y=7
TALE=TEMP (TH5A,3)-273.15
VAPLD=168.9*VAPPH(TALR) / (LALR+ 27 3. 15)
HETURN

THIS PAAT OF THE PROGEAM 13 rUOR Tdsd STRATUS CLOUD CASE

oo

700 CONIINUE
LF{2.LT.20.) GO0 TO 1000
CLBASSFLUAT (LCLHT)
CTOE=CLBAS+500
IF(2.6E.CTUP} GO TQ 7G5
1F (4« wE-CLBAS) wU TO 704
TH5=TH (TABS {LAT} ,20.) + (2~20,) ¥ 4u/ (LLEAS—-204)
Pu=TH(TABS {1AT) ,20.) +2
TU=1EMP (PC,CLLAS)~27 3. 15
wb=SHIXk (20.,TCENT (IDPT})
wi=SHLXB (CLLAS,TU)
WSE LB (6—20.) % (QC—-yB}/ (CLBAS~20.}
GO TO "1110
FO4 Tus=TH {TABS {IAT) ,20.) v et O00b* (4—CLBAST)
uS=SMLXR{4,TE4P (THS5,2) ~273. 19)
O T0 1110
705 THS=TH (TADS (LAT} ,20u) +3. 4. U000 1¥ (4~ TOP)
wS=SMIXR (LTUP, TEMy (THS ,Clulj=270.19) *CTOR*CTOR /4 %% 2
G¢ 10 1110
LND

Note: The Malkus citation on this page is Ref. 3 in the list at the end of the main text.
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SUBROUTINES AN} FUNCTIUNS FOx Udt Wit RELHUA PUNCTION.

10

20

i0

SUBEOUTLINE ABORY {4 ,Lyu, LDPT, LAT,ina)

THLS SUOROUTANGE SIMPLY TRANSALIS Lol SHIPBOARD MEASURBEMENTS
TO CTHZR ALTITUDES AND DECgEASLES 4y AS THL PREDLCTIUNS
BECCHME LESS ACCURATE.

DEWET=FLOAT {IDPT}/ 10.
FE4F=FLUAT (1AL} /10,

RH=100 . % VAPPR{DEWPT) /VAPYr (ToHEj
Iy=y

Ir{2.6T.100.) Ig=6

1F {ZauTe500.3Iu=3

IF (4.6 1. 1000.) Iu=0

RETURN

END

FUNCTION ALT (P)

THIS PUSCTION CUMPUTES ALTITUL. Ih MEVTERS FROM PRESSURE
IN BILLIBARS. THIS PORMULA L5 A FLT TO THE H.As CaA.
STANDAAD LOWER ATHMUSPHERE UATA: SuiTHSONIAM MET.TABLES N63
LIST (19638).

1f{F.LE. YW 13}G60 Tu 10
ALT=0

RETURN

IF(E.LE.958.) Gu TO 20
ALT=9.09*{1013,-7)
RETURN
ALT=T850*ALOG(1021.38/F)
RETURN

END

FUNCTLON PALT (2}

TdiS 1S Tab ANVERSE OF FUaollun ALT (P) WHERE ALTITUDE,Z
15 IN BoTERS AND PALT IS5 Tnk PRESSUE LN MILLIDARS AT A.

IF(2.LT.500.) GO Tu 10
PALT=1021. I8%EK2 (= 1. 27 I9s-u*s,
BETGkn

PALT=1013.-55.%4/500.

HETURN

ERD

FUNCTLON VAPFR (T)

THIS 15 AN APYROXIMATLOXN 19 loe GUFF~GRATCH TEMPERATUKE,
SATUBATED ¥YAPUR PRESSURE OVin LIyULD WATER FORMULA.

The Bmithsonian tables cited are Ref. 10, and the List citation is Ref, 10,
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IT WwAS DESChIDBLD oY BLChAkuS (1971) AND WIGLEY (1974).
IN 1815 FUNCEION T IS IN Uns. « ASD VAPPH IN Mb.

con

Tu4=1.0=-373./(I+273.)

Ri=13. 3185

Ri=1.970

R3=(C. 6445

E4=0.1299

E0=1013, 25
VAPEE=RO*EXP (R1¢ T4—R2RTYR* LI w U ¥ 5-RU*T4¥xy)
BETURHN

END

sl &}

FUNCTION C10(IWS,LINS, 1Y)

THIS FUNCTION CALCULATES 1HE ohas COEPFICIENT. IF WIND
SPEED AT 10 METEBS IS MBASUboy, DBACONS SUGGESTED FJHM

IS5 USED: ROLL (1965), P.lo1. 1F BU WIND IS5 MEASURED A

CONSTANT VALUE I3 USED.

aonoOoon

1F(iINS.NE.=1) GU TO 10
Iu=10-1
C10=2E-3
RETUKN

10 €10=1. 1E~3¢0.04E~3*PLOAT (14 5)
RETURN
END

el ]

FUBCTION ZZLBO (L1WS,INS,iw)

THIS FUNCTION CALUULATES Tdi uv¥NAsiC ROUGHMESS, ZJ4ERC

1IN METEKS AS A FUNCTION OF WINL SPooD FOLLOWING CHARNOCK
{1955) ANU EXPRESSES FALCTLUON VeLOULLY IN TEKMS OF THE
DBAG COEFFICIENT AND MEASUHED WINU SPEED.

conaon

IF(IINS.NE.—1)GO TO 10
lp=1g=4
LZEKO=1. E=5
EETURN
10 ZZEKO=C10 (LS, 1145 ,IQ} *3.356~b4*FLUAL (INS) *%2
HEETURR
END

[N o

FUNCTION a(ILWS,1WS5,1Q,155%, L0PT, 4, AT)

THIS FUNCTLON CALCULATES i'dy fikiiNue HATIO AT ALT. Z IN AN
AIMCSPHERE WHACH UBEYS A QU = LiNCAR RELATLONSHIP:
RCLL (1965), P. 237.

cnhoooo

TO=ELOAT {ISSI) /10
WO=0.96*SNIXE (0, TO)

WSR=wSTAR (IDPT,Z,I1LINS, (WS,455T ,4y)
40=Z4ERQ (L1WS, INS, Iy)

X= (Z+20) /40

The Richards, Wigley, Roll, and Charnok citations are Refs. 7, 8,1, and 9 respectively.
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meteorological parameters are compared with simultaneously obtained in-situ measurements for
56 flights. In some cases agreement is good, but when the profiles change during the 50 minutes
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FL=FALNT (185,115, IS5T,2AT, 1y}
WZ=L 04 SE* (ALOG (K) +4.8%5/FL)
RETURN

END

FUNCTION TH&Z(L1iW35,iWS,Iy,i35T,1A1,4})

THiS FUNCTION CALCULATES YHE PULENTLAL TEMPERATURE AT
ALTITUDE 2 IN AN ATMUSEHude whiCid QUEYS A LUG - LIMEAR
BELATIONSHIP: ROLL {1963} ,P.237.

TO=47d. 15¢FLOAT (ISST) /10,

THO=TH (T0,0.)

40=2ZERG (IIWS,1WS, IQ)

X1={Z+20) /240

PL=FMLNT {I4S,1I9S, 1557 ,3AT, 1y}
TSTAB=THSTR (IAT, ¢, LIS, Iu5, i35, 1y}

THZ=THO+ TSTAR* (ALOG (Xj +4 . 6% L/ Fi)

HKETURN

END

PUHCTIUN GSTAR (I0PT ,Z,LlIws,insS,i550,Iy)

THLS 15 THE 9PHICTION MILING gALLu™ USED IN QZ AND
CALCULATED USiNG THE APPRUXiMATIONS 0OF THE BULK AEEODYNAMIC
METEOD: ROLL (1965), P.s3Z ,272.

wA=SMIXE (V0. ,TCEND (IDeT))
QU= 9B*SMIXE {0, ,TCENT (£551 )
CA=CI0 (LWS,1INS, 1y}

FK=0.38

WSTAR=SJRT (LAY * (QA-Q) /FA
BETURN

END

FUNCTLON THSTR(IAT,Z,Ll1lW5,Llws,Ll581,1¢)

THLE 1S TdE "FRICTIUON PULcKTaAL TosaBRATURE" USED IN THE
CALCULATION OF Tde USING [dbh APPHUXIMATION GF THE
BULK ASRODYNAMIC METHOO: AUuLLi1903) P.252,272.

TA=473. 15+FLOAT (IAT) /10,

TG=273. 15+FLOAT (1$ST) /10.

CA=(10 {1¥S,11WS,1u)

FR=C.4

TH>IR=SURT (LA) * {TH (TA, 10.) ~ L {T0,0) ) /FK
RETUEN

END

FUNCTIUN FMLNU{LwS,1iW5,155L,LAT, iy}

THLIS IS AN APPSUXIMATION Fum Thi MiAING LENGTH USING
EOuLl {1965}, P. 44,252,

The Roll citation is Ref, 1.
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1F (f1¥5. HE.—1) GO TO 10
FULAT==100
1¢=10-2
RETURN

10 T0=273.+FLOAT(LSST) /10,
TA=273.+FLOAT (IAT) /10,
CA=C10 (LwS,1INS,1u)
A=TO*SQRT (CA)} 0. 26 46 #F LOAL (Lus)¥*2
¥=9,8%.33% (TH(T0,0.)—Ti (A, 10}
PHULAT=-1.%X/Y
KETURN
END

oo

FUNCTLON ZCUN(TASA,BSA,254)

THLS FUNCIIUN CALCULATES ThHe LIFTLING CONDENSATION LEVEL
WHEHE TIASA 15 THE POTENTIAL TEMNPERATURE IN KELVIN AT ALT
Z5Ah AND RSA IS5 THE MAXINu ZATLIO AL THIS LEVEL IN G/KG.
THIS FORMULATION IS AN EMPRICAL FULi TO DATA IN THE
SHITHSONIAN MET. TABLES P.32d.

onnooGon

TSA=TEMP (TASA, Z5A)

ESA=VP (RSA,25A)

PK=1./.286

X=EXP {FE*ALUG (TSA) )
TC=732.02-150. 41 % (ALOG 10 (X) ~ALUG10 (£54))
TC=TC+7. 21% (ALOG 10 (X) —ALOG 10 (ESA) ) #%2
TC=TC+273.15
PZ=1000%EXP (—FK* ALOG (TASA/TC) )
LCON=ALT (P2Z)

RETURN

END

00

FUNCTION SHiIX&(%4,T)

CALCULATES THE SATURATION wiXiNue KATIO IN G/KG AT HEIGHT %
AND TEMPERATURE T (C).

ocoon

SEIXE=0,622%VAPPR(T) /(PALT (2) —VAFPR (T))
RETURN
END

o0

FUNCTION TH (T,4)

CONVERTS TEMPEBATURE (K) 10 POTENTLAL TEMPERATURE (K) AT
ALTITODE Z.

OGO

TH=T*EXP (0. 280%ALOG (1000. /2 ALT (5} ) )
TH=TH

KETUEN

END

FUNCIION TEMP(TE,2)

The Smithsonian tables cited an this page are Ref. 10.
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CONVERTS POTENTLAL TENPEXALUKE (K) AT ALTITUDE 2 (N} TO
TENFEKATURE (K)

TEME=TE/ {EXP (0.286%ALOG (1000, /PALT {4)}))
RETURN
END

FUNCTLON ¥P (&,Z)

CUNVERTS MIXING BATIO (G/KGj AT ALTITUDE 2 {#) TO
¥YAPCR PRESSURE (MB).

VP=FALT (Z) %5/ {.622+R)
RET GBN
END

FOMCIION TABS{1)
CONVERTS AN INPUT TEHWPERATUHRE INTEGEK TU TEMPERATURE (K).

TABS=273,15+FLOAT (I} /10,
BETUBN
END

PONCTION TCENT{I}

CONVERTS AN INPUT TEMPERATUKE IBTEZGER TO TEMPERATURE {C}.

TCENT=FLOAT (I} /10.
RET DRN
END

SUBRDUTIHE LIMITS(RH,V,T,ly)
IF(BH. LE+65.} GU T0 10

IF (EHe LE. 100.) EETURN

Ri= loot

30 10 20

BH=65.

Ie=1Iu-4
¥V=2.165%RU*VAPPR {T)/ (T+273. 15}
YETURN

- END
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MODEL FOR ESTIMATING METEOROLOGICAL PROFILES
FROM SHIPBOARD OBSERVATIONS

INTRODUCTION

Large quantities of shipboard meteorological observations made throughout the world
ocean over an impressive length of time are limited in nature and accuracy. But they provide
a marine climatological data base which would be too expensive to duplicate to obtain other
types of meteorological data subsequently needed but not specifically included in the data
base. One example of subsequent need is the statistical characterization of detailed humidity
and temperature profiles within the lowest 2 kilometers above the ocean surface, The rela-
tively small group of radiosonde data taken by various weather ships and researchers is un-
fortunately sparse in both a geographical and a statistical sense, There exists therefore a
need to invent a model which will provide an estimated profile of humidity and temperature
when given the standard set of shipboard observables. Profiles obtained with such a model
will be inferior to those observed directly by the use of radiosondes and are not intended to
replace them, only to supplement them in areas where sufficient profile measurements do
not exist.

The chief advantage is that profiles can be generated where no profiles have been mea-
sured and the results can be believed to within a certain degree of accuracy. One area of
interest in which such a model could be useful is the transmission of optical energy over
various nonhorizontal paths. Along these paths humidity estimates are valuable both for its
effect on molecular absorption of optical energy and in its effect on the growth of aerosols.

This report describes such a model and a method and data to test this model. The test
method can also be used on future models to ascertain their usefulness,

THE EMPIRICAL MODEL

The model divides the standard shipboard weather observations into essentially four
cases:

® fog,
® light precipitation,
® heavy precipitation, and

® no precipitation.

Manuseript submitted August 31, 1978,
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Characterization by the model of ail but the last of these items is trivial in that present
values on the ship are estimated to exist at higher altitudes. In the last case, however, more
elaborate predictive methods are used.

An integer is delivered to the main cailing program which gives a rough estimate of the
quality of the particular value being calculated. When many assumptions are made, the qual-
ity integer {IQ) becomes low or even negative. Values of 10 are considered reasonable
estimates,

The gtability of the marine boundary layer is an important input to the model. The
measure of this parameter that is available to the model is the air/sea temperature difference.

In the no-precipitation case the following distinct classes of profiles are modeled:
® {Instable atmosphere with clouc cover greater than 25%,

@ Unstable atmosphere with cioud cover less than 25%,

® Neutral atmosphere with cloud cover greater than 25%,

® Neutral atmosphere with cloud cover less than 25%,

® Stable atmosphere with a stratus deck, and

® Stable atmosphere with no stratus deck.

The particular class of model chosen depends on the sign of the air/sea temperature differ-
ence, which determines the stability, and the level and/or type of cloud cover reported. The
specific characterization of each of the profiles from any of these classes depends also on
the specific values of the other shipboard observables.

In the modeling, potential temperature and mixing ratio are chosen as the particular
meteorological pair of variables to describe the vertical thermal and vapor-loading character-
istics of the atmosphere because of their insensitivity to adiabatic processes. One limiting
feature of this model is that it is designed to describe only the layer of the ocean atmosphere
at or below 2 kilometers; thus attempts to use the mode! cutside of this limitation may result
in severe eITors,

The output of the model is relative humidity, absolute humidity, and air temperature
{all quantities which are used directly in propagation calculations). In making these estimates,
many conversions are required between various meteorological variables, Thus a number of
conversion functions and subroutines are required by the modet to convert easily from one
set of parameters to another, These subroutines and functions (shown in the listing of the
program in the Appendix) use for the most part standard meteorological relationships,

Unstable Atmosphere With Cloud Cover Less Than 25%

In modeling the class of profiles identified as unstable atmosphere with cloud cover less
than 25% four levels are considered. Starting from the layer closest to the sea, they are

2
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Since the area is clear (total cloud amount is less than 25%), then a transition lay
considered to start at an altitude of about 80% of the lifting condensation level. The t:
tion layer starts at the top of the homogeneous layer. In the homogeneous layer both
potential temperature and the mixing ratio at all altitudes remain constant at the value
obtained for the top of the superadiabatic layer.

According to measurements by Malkus [3], the relative humidity in the subsiden
cloudy cloud layer is 78%. Therefore in the transition layer the model slightly increase
the potential temperature linearly and adjusts the mixing ratio so that 78% relative hu
is achieved at the altitude calculated as the lifting condensation level. Throughout the
less cloud layer the model sets the potential temperature to that calculated at the lifti
condensation level and correspondingly decreases the mixing ratio to keep the relative
humidity constant at 78%.

Unstable Atmosphere With Cloud Cover Greater Than 25%

Figure 2 is a diagram of the same unstable atmosphere but with clouds. For altitt
below the transition layer the model is identical to that for the cloudless case. The mo
for the cloud case, however, keeps both the potential temperature and the mixing rati
stant with respect to altitude throughout the transition zone. Above the lifting conder
level when the relative humidity is 100%, the potential temperature remains constant |
the mixing ratio is reduced just enough to keep the relative humidity at 100%.

The cloud layer extends from the lifting condensation level to about 2 kilometer:
where the moist marine layer is usually capped by an inversion which divides dry warm
on top from the cool moist air of the marine layer. Above the 2-km level, temperature
creases at the standard lapse rate, and moisture is allowed to decrease rapidly toward t
zero level.

Neutral Atmosphere

The neutral atmosphere, profiled in Fig. 3, is similar to the unstable atmosphere |
both the cloudy and noncloudy conditions except that no superadiabatic layer exists.
temperature of the atmosphere is considered adiabatic from the sea surface up to the |
condensation level. The potential temperature measured at the ship is used as the pote
temperature throughout the lower atmosphere from the sea surface to the lifting cond
tion level in the cloudy case and up to the bottom of the transition zone in the subsids
cloudless case.

The mixing ratio is interpolated linearly between values corresponding to relative
humidity of 98% at the sea surface and that measured at the assumed mast height of 1
meters. Above 10 meters and below the lifting condensation level the mixing ratio is st

rnnotant A that maoamirad nn tho chin
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® The superadiabatic layer,
® The homogeneous layer,
® The transitional layer, and
® The cloudless cloud layer.

The extent of each of these layers varies according to the individual input parameters. The
unstable model is based on the description of the moist marine layer in the trade-wind zones
sketched by Roll [1].

Figure 1 is a conceptual representation of profiles of the potential temperature 6 and
the water-vapor mixing ratio r for this class of atmosphere. The first layer above the ocean
surface is called the superadiabatic bottom layer. In this layer the potential temperature and
mixing ratio obey a log-linear formulation, with the defining parameters being related to the
shipboard observations. The height of this layer above the sea surface is calculated by an
empirical formula fitted to a series of measurements made by Brocks [2]:

¥4

sa

1192 + 969In(|T., — T_ ), 5<T.. — T
air air

sea sea’

Tir = Toear O<T,p — Toou < 5,

air sea’

where Z_, is in meters and T, and T___ are the air temperature and sea-surface temperature
in degrees Celsius.

The meteorological parameters of # and r at any altitude Z within the superadiabatic
layer are computed from

0(2) = 0(0) + 0, nZ2Z0 + 4.8—%]

Zy
and
_ Z+ ZO zZ
r(Z) = r(0) + r [In Zq + 4.8L 1.

In these formulas 6(0) and r(0) are the values of potential temperature and mixing ratio
computed from measurements of the temperature of the sea surface. The variables 6, and
r, are computed from

o
6, =Y 10 15(10) — (0]
and
Vo
" =oagIr(10) — x0)],




GLOuUD

8(2)y=8(Z gy ) rl2}=¢(RH =759,
LAYER
ZCOH _4...; (ZCON,G‘(ZcoN)J ZCON T (Zcoul T‘RH‘TB"
TRANSITION AT ex107 degrm
LAYER dz
082 con . T 0.8
- }ZCONEHS(ZSALF(ZSA)'ZSQ) 0.8Z ¢on.825a)) 0.8 Zcon ‘08 Zcon:
HOMOGENEOUS
1.AYER la

>~ 8(2)= 8(Z g,

(P— i =rf
¥

Zga § (25,0025, Zga + {Zga, riZy,
SUPE R- + Z+Zo E] P—riZhr,
ADIABATIC Zga=TAR/SEA TEMP DIFF) Az 8ot O ['" Zo
LAYER \
) 0,855y {0, (R

FOTENTIAL TEMPERATURE

MIXING RATID
Fig. 1 — Profiles of the characteristic potential temperature ¢ and the water-yapor mixing ratic r for the unstable atmasph
less than 26%. Key points on these curves are set by appropriate shiphoard observations.
the sea-surface potential temperature.}

(Z cop s the lifting condensat
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where

Cyp = [1.1 + 0.04p(10)] X 1073,

with 8(10), r(10), and ©(10) being the values of potential temperature, mixing ratio, and
real wind speed obtained at the nominal mast height of 10 meters. Values of Z p are obtamed
as follows: If the

real wind speed is measured, then

= 3.3 X 107% ¢y u(20)2,
and if the real wind speed is not measured, then
= -5
Zy = 1077 .

Finally the values of the so-called stability length L are calculated from

—Tyv/Cro #(10)2

L =98 x0380,(0 — 04 10)]

where the sea-surface temperature T}, as well as potential temperatures 8, (0) and 6, (10) are
in absolute temperature units. If values of the wind speed are not measured L is set at —100
meters, When the relative humidity is to be estimated at an altitude less than Z ., then it is
calculated by use of # and r from these equations. If Z is greater than Z__, the values of
potential temperature § and mixing ratio r at Z,, are used to estlmate tfnese same quantltles
at higher levels,

The height of the lifting condensation level Z,on Must next be calculated from measure-
ments available on the ship. The method used in this model is based on the solutlon of the
equation for adiabatic lifting:

e/T1/0.286 _ esc/Tcl,fO.ZSG ,

where T is the temperature calculated at the top of the superadiabatic bottom layer, e is the
vapor pressure calculated at the same point, T, is the temperature at the condensation level,
and e_, is the saturation vapor pressure at the temperature of the condensation level. The
potential temperature at the top of the superadiabatic layer is known, because both the
temperature and the altitude are known. Also known is that the potential temperature re-
mains constant with respect to altitude changes for adiabatic processes, Therefore at the
condensation level the pressure p, can be calculated from

= 0.2886
= T,(1000/p,)0-286

The model then uses the NACA standard low-level atmosphere to convert from pressure to
altitude.
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Stable Atmosphere

The basis for the model estimates of the stable atmosphere is a series of tethered bal-
loon flights made aboard the USNS Hayes during the 1975 fog cruise [4]. If a stratus deck
is observed, the model constructs the following atmospheric thermal and water-vapor struc-
ture from four additional shipboard-measurable inputs: the sea surface temperature, the
dew-point temperature and air temperature at 20 meters, and an estimate of the cloud-base
altitude.

The potential-temperature structure is estimated in the following way and as shown in
Fig. 4, The atmosphere is divided into four layers separated by four reference levels: the sea
surface, 20 meters (the height of shipboard measurements), the cloud-base level (an input to
the model}, and the cloud top (assumed to be 500 meters above the cloud base). In the
lowest layer a linear interpolation is assumed between the potential temperatures of the sea
surface itself and the air at ship height. In the second layer a linear interpolation is made
between the potential temperature at the 20-meter level to that at the cloud base level,
which is assumed to be that of the ship plus 2°C. Over the next 500 meters an increase of
3°C of potential temperature is assumed. Finally above the cloud layer the potential tem-
perature is allowed to increase at a small rate.

Similarly the mixing ratio is constructed in a piecewise linear fashion in the same four
levels. In the lowest layer a vapor pressure of 98% of the saturation vapor pressure at the
sea-surface temperature is assumed at the sea surface. The mixing ratio is then linearly inter-
polated between the mixing ratio r, caleulated at the sea surface and the mixing ratio Ty
calculated at the mast height. When a stratus cloud is known to exist, then saturation is
known to be achieved at the cloud base and therefore the mixing ratios rg and r, which are
necessary for saturation are assumed both at the cloud top and at the cloud base, Linear
interpolations are then made between these various fixed points. Above the cloud top the
mixing ratio is allowed to drop off at a 1/Z2 rate.

The stable-atmosphere no-stratus-cloud profiles are identical to the stable-atmosphere
stratus-cloud profiles except that the mixing-ratio profile is assumed constant from the ship-
mast height to 500 meters above the calculated lifting condensation level.

IMPLEMENTATION OF THE MODEL

The model is in the form of a Fortran function: RELHUM (Z, IQ, ISHIP, TAIR,
VAPLD). The outputs of the model are the relative humidity in pereent which becomes the
functional value itself, the air temperature represented by parameter TAIR, and the water-
vapor load of the atmosphere represented by the variable VAPLD. The integer output vari-
able IQ is a quality index which is roughly related to the trustworthiness of a particular
prediction as described above, The mode] requires only two inputs: the altitude Z (meters) at
which the meteorological values are desired to be known and an integer array ISHIP which
contains 12 integers from the standard shipboard weather reports.

The elements of array ISHIP are defined as follows:

ISHIP (1) is an integer between 0 and 99 {coded in accordance with Ref. 5) which
describes the present weather situation;

9
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ISHIP (2) is a parameter between 0 and 10 which describes the lower cloud types
(ILCL);

ISHIP (3) is a signed integer between —999 and +999 which is 10 times the air/sea
temperature difference;

ISHIP (4) is a signed integer between 999 and +999 which is 10 times the air
temperature (IAT);

ISHIP (5) is a noncoded integer which is the estimated height of the cloud base of
the lowest cloud layer in meters (ICLHT).

ISHIP (6) is a signed integer between —999 and +999 which is 10 times the dew-
point temperature at deck level (IDPT);

ISHIP (7)  is a signed integer between —999 and +999 which is 10 times the mea-
sured sea-surface temperature (ISST);

ISHIP (8) is an integer between 0 and 99 which is the wind speed in knots;

ISHIP (9) is a integer between 90 and 99 (coded in accordance with Ref. 5)
which represents the visibility;

ISHIP (10) is an integer which if equal to 0 indicates that wind speed was measured;

ISHIP (11) is an indicator of the horizontal visibility at ship level, with 0 indicating
that visibility was measured and 1 indicating fog;

ISHIP (12) is a integer between 0 and 9 (coded in accordance with Ref. 5) which
indicates the total cloud amount (ICA).

TEST OF THE MODEL

A test of the accuracy of this model within the marine boundary layer has been devised
by comparing the model-produced estimates with measured profiles of temperature and
water vapor. Field data suitable for this test was obtained from the EOMET cruise of the
USNS Hayes during May and June 1977. During this cruise kite-balloon soundings were
made, producing many observations within the marine boundary layer. Comparisons be-
tween the measured parameters of air temperature, relative humidity, and vapor density and
those same parameters calculated from the model which used the appropriate standard ship-
board measurements taken on the ship itself provide a useful test of any model of a
boundary-layer profile.

The locations of the soundings are shown in Fig. 5 superimposed on the ship track,
which covered portions of the North Atlantic and the Mediterranean Sea. Although the
experiment provided over 1700 valid parameter sets obtained with the NRL boundary-layer
sonde [6], the data are limited in duration at any one location and therefore do not form a
climatologically complete set of measurements. It is nevertheless an excellent data base on

11
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EOMET CRUISE--USNS HAYES
14 MAY 1277-- 7 JUNE 977
NORFOLK . VE-ROTASP-PIRAEUSGR.

Fig. 5 — Cruise plot of the EOMET cruise of the USNS Hayes during May and June 1977, The circles
represent positions during the irack where kite-balloon profile measurements of air temperature, relative
humidity, and water-vapor density were made,

which to test the modet, because it does provide a wide variety of stability classes. The tem-
perature measuraments themselves are produced by dry and wef thermisters supported on
the tether line to the kite balloon and ventilated by the relative wind. A solid-state pressure
altimeter provides altitude information, Data are collected from these three channels and
transmitted to the ship, where they are plotted in real time for the convenience of operators
and digitally recorded.

The sensitivity of the system under real operational conditions allows both wet-bulb
and dry-buib temperatures to be measured to within an error band of +0.15°C. The absolute
accuracy of the radicsonde is checked before and after every kite-balloon flight by flying the
measurement package at mast height and comparing these telemetered measurements with
the shipboard measurements at mast height, Thus the calibration standard. for the airborne
units is the shipboard Cambridge model 100SM air and dewpoint temperature instrument.
The altimeter is checked before and affer each flight by observations of the pressure at the
mast height, which eliminates the time variations of the atmospheric pressure from the
altimeter. The operational accuracy of the altimeter is +14 meters at the surface but decreases
with altitude. One advantage of the tethered kite balloon is that the same instrument package
is used many times and the calibrations of the devices can be checked before and after each
flight to make sure that changes have not occurred in the launch process or during the flight
itself.

Part of the problem in obtaining an evaluation of the performance of the model is to
include in the evaluation some of the nonhomogeneous characteristics of the atmosphere
that might be present during a particular test. Sometimes at sea continuously recorded
shipboard observations diverge significantly even during the time it takes to make a profile,
which is the time for the kite batloon to climb to its maximum altitude and to return to deck

12
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level. Consequently plots of all shipboard meteorological observations were made 6 hours
prior to a flight and 6 hours after landing of the apparatus to aid in determining the stability
of the shipboard observations. The first part of the test was to prepare from data for the
middle of each flight a list of shipboard observables such as would be entered into any ship
weather report. For every experimental observation of dry-bulb temperature, wet-bulb tem-
perature, and altitude the model also would estimate air temperature, relative humidity, and
vapor density at the same altitude, using as its input the list of shipboard observables. Differ-
ences between measured quantities and the estimated quantities represent information on
the accuracy of the model.

Comparisons between the model predictions and measured data have been made for
all of the flights flown during the 1977 EOMET cruise. In some cases the predicted profiles
of air temperature, relative humidity, and water-vapor density were close to those measured.
Figures 6, 7, and 8 are examples of good correlation. They were obtained from flight 51,
which took place in the Mediterranean Sea on June 4, 1978. Each point in the figures refers
to a sampling of the data transmitted continuously to the shipboard receiver and digitally
recorded every minute throughout the flight. The scatter in the kite-balloon data is partly
due to the instrumental uncertainties in both altitude and temperature.

Figure 9 is a plot of a particularly impressive and suprising prediction of a dry layer
over the Mediterranean Sea which was both measured by the boundary-layer sonde and pre-
dicted by the model. Here both the model estimates and the measurements show that a
sharply defined dry layer exists above 350 meters in altitude.
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Fig. 6 — Comparison of the air-temperature profiles obtained from flight-51

kite-balloon measurements (points) and the model estimates obtained from
shipboard observations at the time of flight 51 (line)
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