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Annual Cycles of Tropospheric Water Vapor

Diax J. GAFFEN

Alr Resources Laborgtory, Natianal Oceanic and Atmospheric Administration, Silver Spring, Maryland, and Bepurtment vf
Meteoralagy, University of Marvland, Colfege Park

ALan Rosock
Department of Merearology, Universitv- of Marvland, College Park

WiLriam P Erviory
Alr Resourcey Loboratory, Nationsl Oreaniv and Atmospheric- Administration, Sibver Spriay, Murylasd

Te understand: better the gnanal cycles of stmospheric homidity, radicsonde data were used to
create climatologies of temperature, dew point, relative humidity, and precipitable water in the Jower
troposphere for 56 locations around the world for the period [973-1990, Dn the basis of the annual
ranges of relative hunnidity at the surface and at the 850, 700, and 500 mbar levels and the ratio of the
apnual maxinm o minimum: sucface toS00-mbar precipitable wiiter, we have defined five humidity
regimes: {1} middle- and high-latitude condinental, {2) middle- sad high-atitude oceanic, (3} mid-
{atitude monsoon, {4) tropical oceanic, and (5) tropical monsoon. oy cach regime we describe the
annual cycles of temperature and humidity variables and discess: phase relationships among thes,
Relative bumidily ranges are small in the first 1wo regimes, wherg precipilable water and iemperature
vary in phase. Relative bumidity mnges in the other three regimes are moderate to farge, wnd ia the
trapics the wanual march of horizontal moisture advection and vertical convection, not temperature,
controfs seasonal humidity variations. These results sugpest that the assumption of constant relative
humidity made in some climate models is not always justified snd that precipitable water is not a strong

function of femperalure in the tropics.

IsTRoDUCTION

As a foundation for understanding long-term change in
water vapor and related processes, the anmal cyele of
humidity must be understood. Investigations of the water
vapor-gregnhouse effect feedback [e.g., Rind et ol., 1481];
Raval and Ramanathan, 198%] used seasonal and geographic
varigtions as surrogates for long-term change. These studies
employed satellite water vapor and radiation data, respec-
tively, and the shortness of the satellite record did not allow
testing the nssumption that scasonal and spatial changes
reveal patierns of long-term chunge.

Surprisingly, there are fow studies in the literature of the
observed annual cycle of humidity above the surface. A few
early investigators [Reitan 1960s, b; Bannon and Steele,
1968 Tuller, 1968] used radiosonde ohservations to charac-
terize seasonal varistions in precipitable water (PW) but did
not consider other measures of water vapor or their vertical
profiles. Later work showed seasonal variations in specific
humidity {Rasmusson, 1973, Peixoto et al., 1981, Peizote
and Torr, 1983; Oort, 1983} but was based on radiosonde
data that were (1} taken before 1973, which are known to be
of poor guality relative (o more modern measurements; (2)
gridded or zonually averaged, which is likely to mask local
variability in humidity, or (3) compiled into monthly means,
which cannot be used to denve supplemental humtidity
variahles without introducing bias [Eliorr and Gaffen, 1991]

Using microwave observationy from the Nimbuy 7 satel

Copyright 1992 by the American Geophysical Undon.

Paper number 92101999,
Q148-027/92/92 T D-019995015.00

BBte, Prakhekara et af [1985] presented seasonal maps of PW
over the upen opeans for 1979-1981 ‘and confirmed the
general global patterns deduced from radiosonde-based stud-
ies but with. such more dewd) in the tropics and southern
oceans, Later studies by Lin [1986] and Liu and Niiler [1990]
have focused on variations of surfuce relutive humidity and
PW.at oceaniv sites with an eye toward improved parame-
terization of ocean-atmosphere fluxes using remotely sensed
PW. Recently, the seasonal eydles of clear skv upper fropo-
spheric relative humidity have been determined from mea-
surements 1n the thermal infrared by Meteosat [ian de Berp
et af., 1991] and by the Sirstospheric Aerosol and Gas
EBxperiment (SAGE 1) [e.g., Chivn er al., 1992]. Because
these satellite observations are possible in clear skies only,
the annual cycle may not-be fully resolved in regions with'a
distinct cloudy season,

While sarlier studies have focused on particular aspects of
tropospheric humidity, none has explicitly explored the
annpal cycle of hoth relative and specific humidity at a
representative sample of stations globally. Using radiosonde
data, we examine the local annual cycles of the major
humidity: variables, which leads us to the identification of
five distinet water vapor regimes: Then seasonal variations
i relative humidity are explained and interpreted in greater
detail.

Data ann MeThHOD
Daily radiosonde reports, provided by National Climatic
Data Center (tape deck 6103), from January 1973 through
December 1990, formed the basic data set. The 56 stations
selected (Figure 1 and Table 1) are a subsetof the 63-station
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Fig. 1. Map of the bumidity regimes of sach radivsonde stabion

studied. The reghnes are middie: and high-latitude continental (MO}, Ladi-  Longi-

middle- and high-latiinds. oceanic (MU), middatitude  monsoon Identification Mame tude tude  Flevation
’ "‘. < g ‘.( LU .‘,' ‘ 3 K
{MM}, tropical oceande (T'0O}, and tropical monsoon (TM) B10F Jan Mayen 7.9 87 9
G836 Sodankix £7.3 T 178
03933 Valentia 518 =03 14
N)Rﬁ& Munich 48.2 L7 44
network described and used by Angelfand Korshover | 1883] %‘mﬂ Dikson 73 3?-3 20
for analysis of tropospheric and stratospheric temperature. ;’;ggg gﬁg“‘"bsw}b‘“’y Zg; ‘f,’:::‘z 9?
Howe'.vc?r, Filiot et al. [1991] identified some p'rc)l*?igms with 3230 Kirensk ;7,{ 1082 954
the original 63-station set for the analysis of humddity duta. %3345 Kiev 53 0.5 165
Thirty-nine of the 36 stations used here have very few 38121 Orenburg 318 WZ H@
missing data, &t least for one ohservation time per day. The :g;g g?‘ida? 31: 325 “ﬁ
other 17 were included to give reasonable global represen- 43603 Bi:}’;:}: I;q )72’,'8 i
gatian ozf climnatic zones, even though they could not be used 43371 Trivatidrum 8.5 77.0 64
tor the full 18 years. 45004 Hong Kong 23 M2 a2
The radiosonde report includes temperature (T and dew 47401 Wakkunai 4334T 3
point depression at afl fevels, geopotential height of manda- :?3?5 ;‘;ﬁgﬂ‘“ 1;': a0 ,32
tory levels, aad surface pressure and pressure of other 1641 iiinid 47 —17s g
significant jevels. These were converted ty dew poind {7 ) 61996 New Amsterdam ~37.8 7.3 29
and relative. bumidity (RHY 8t cach level and precipitable 63578 Abidjan 53 ~3.9 7
water (PW) in the surface 1o 850 mbar {PW ) and sarface to gzgg ﬁllgaﬂ?ﬂfl‘ e gg;‘ b B Ei}i
500-rabar (PW o) layers. Precipitable water is a measure of it Gf;‘ fg»;.ms my Al By
column water vipor content and is the intagml between two SR Marian ~45.8 378 27
pressure Jevels (g and g ) of specific humidity {g): 0026 Barrow 1.3 ~156.8 4
70308 St Paul 572 ~1702 9
1 N _ 398 Annetie 3540 —13L5 k=
PW o= - { g dp {1 TI072 Mould Bay 762 ~F19.3 12
g1, 73082 Alert RS ~62.3 53
: 71815 Siephenville 48.5 =583 %
where g i the gravitational ascceleration. Because of the 71836 Moosoner 513 80T 1
known poor performance of radiosonde hygristors in.cold, ;3?9 1}"‘0“5‘_“'*‘6 g;f; ”{‘l{}; ;
dry environmenis, and becanse almost all of the water vapor Doats ?’(‘:Zat ;?5;; g :; L3 §114
in the atmosphere is in the lower troposphere, fo data sbove 78526 Swn Jusn 185 660
500 mbar were used. Details on data quality control are given $0222 Bogota 47 o ~1432 254}
by Gaffen [1992]. Ri465 Cayeane 43 "-52,’ Q
For each station, ohservation time (0000 and 1200 UT), gzzﬁ it;;gf Jj‘;;;‘m “:f%g "_’i:‘}*:' 1‘32
angd variable, m(m!fhi}/ means were calepdated from the daily 3;7‘;5 Puent E‘gﬁnm ALE 732 a0
daty. To characterize the pwean anousd cycles; the 18 years of RY0O1 S ANAE T3 23 52
monthly means were averaged o obtain feng-term monthly 89611 {Jasey —h5.3 17 5
MeANs. 41217 Gyam 13.5 144.8 111
- N B35 g 7
To measure the amplitude of the annual cycles, the ranges 3§:1;§: g;;é‘f ;‘23, iggo ;;
of monthly mean RH were compuied as the difference 91376 Majuro 70 173 3
between the maximisn and. minimas: fonptermt monthly #1517 Homiari =83 160.0 55
mean values. A PW ratio was defined as the ratio of the 91680 Nandi =177 177.3 13‘
L S . 3 . k) i
maximum to minimum long-term monthly mean PW . In z;g,;; _;,5';";3’?" B ﬁg ggﬂ 5:;‘
addition, the S!l!‘fi%(_'e temperature (7.} raoge and mean 33986 C;at};am - 4’3':9 —l?65 48
anngal 7, and PW were computed. To analvze phase 94704 Townsvills -~ 383 1468 A
relationships among vanables, the months in which annual 94312 Port Hedland -203 187 &
minima and maxima occurred were recorded. Two varishles #4672 Adelaide Rop s ; :
were considered to be in phase when the maximum and P35 Cocos =152 5.
mimmum of one ovotvred within one month of the maximum Positive latitede and ongitode are Segreos north snd Sast, Tespecs
and minimum. of the other. tively.
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TABLE 2.

Amplitudes and Phase Relationships of the Annual Cycles of Tropaspheric Humidity for the Five Humidity Regimes

Humidity Regime PW Ratio R Range? Yurtables in Phase With PW

Middic- and high«atitude continental £ spallt T oand Tpoat all levels

Middle- and high-datiude poeanic E5-3 smadl Fand T pout all levels

Mid-latitude monscon $.3-3 mpderats oF Turge T and Ty ab all levels.
moderais in PBLT midtropospheric KH

Tropical ocednic I~1.6 modepats or large Midtropospheric RH and T
small in PBLY

Tm;ax\,.d MOnseOR 23 jarge Migdtropospheric BH and Ty

PW ratic s the ratio of thn g bme oy minimam monthly mean values of sinfice to S00anbar precipitable water.

RH ranpe is the

difference between maxinam and mintra ponthly mess relative humidity, evsluated 3t the surfade amd at the 8530, 700, amd ¥ mbac

levels,

“The ranges are categorized as small, = 15%; woderate, 15-30%; and large, 30-60%
thmytime surface relative bumidity does not abways follaw {hw{, prtterns wnd can cahibx’a 2 moderate annual range.
TThe surface and BS0-mbar Jeved represent the planstiry bowadary tayer (PBLY

each regime fended to have geographic similasities, we
ramed them accordingly.

Podeward of about 260 laginde  where the aonnuaal evcles of

Trand PWare'in phase, moststations havesmali RH ranges.
A subset of these with high PW ratios we designate the
middis- and  high-latiude continental regime. The subset
with less annual variation of PW, found along windward
cousts or onislands, is called the middle- and high-Jatitude
oceanic regivie. The thind middatiiude regime wlso shows

modest annual changes in PW but aizable annual ranges of

RH. These stations have a distinet rainy season and So werg
grouped as the mid-latitude monsoon regime.

Stations  between 2000 and 20°8 have distinct annaal
cveles i PW but not in T, The tropical oceanic regime 5
characterized by a smadl PW ratio and sooudl KH ranges inthe
planetary boundary laver (PBL) but substantial vartations in
RH in the midiroposphere. (In this analysis, the surface and
850-mbuar-daty are considered representative of the PRI, and
the 708 and S00-mbar levels are considered the mudtropo-
sphere.} The tropical monsoon regime stations have larger
PW ratios aod & larger RH tange throughout the lower
troposphere, The stations are identified by their regimes in
Figure 1, and the guantitafive limits of the RH ranges and
PW ratios are given in Table 2

In the remainder of this section we desceribe additional
featires of these hunndity regimes and show an example of
gach. Where available, we show nighttime data because in
the middie- and high-latitede continental aod mid-Jaritude
monsoon regioies, daytime surface RH is often more vari-
able than RH aloft or than surface RHE 8t night. (The
infloence of the lamd surface as a source of moisture, and the
possibility of evaporation being less than its potential value,
prabably accounts Tor this daviime vaniability in surface RH
in these twe regimes. ) Therefore we relied more on nighttime
than on daytime “surface. RH variability (0 determine a
sigfion’s water vapor regime, although some sistions. pai-
ticidarly in the tropics, have only daytime observations,

Middle- and High-Latitude Contingnral Humidity Regime

The middle- and high-latitude continental (MC) humidity
regime is characterized by a pronounced annual cyvele in PW
and smadl vacations ine REL Muonich, Germany, s 2 good
example of the MO regime (Figore 7). Both PW oo and PW
reach & maxamum in jete summer, as do both T and 7,0 A1
MU stations, summer PW s can be 3 to 10 times greater than

DOCKET

_ ARM

winter PW .5, while boundary layer and miduopospheric
RH ranges are gencrally less than 13%

Afthough aot used to classify sfatioos, the apnval mean
and anniual tange of T, und theannual mean PW 5 provide
additionsd distinguishing charactenstics of each regime. The
M sites exhibit nrge annual ranges in 7, more than 20°C,
and Jow annval mean T, less than 10°C. As vne would
expect, on the basis of ihe Clansius-Clapeyron melation,
annual mean PW g s alsolow, 0210 L3 om.

Middle- and High-Latitude Oregnic Huwmidity Regime

Cualitatively resembling the MC regime, the middie- and
high-latitude ogesnic (MO) regime shows the moderating and
maistening influcnces of the ocean. Island and coastal sta-
tions poleward of 407 tend to show MO characteristics
(Figure 1), and Valentia, lreland, is & typical example
(Figure 31, At MO sites, RH ranges are small, particularly
above the PRL where they fead to be dess than 1090 This,
combined with small anpual 7, vanges fess than 13700,
resufts in smaller PW s ratios (1.5 1o 3) than at MU sites. As
at MC sites, T, Ty, and PW are ip phase, pealang i sunimern
Arpnuad mean T, is geoerally less than 13°C, and anngal mean
PWisis LS to 2.0 con Jan Mayen Isiand, at 7¢:6°N, and
Casey, Antarctica, s 86.2°5, are, respectively, the most
northerly and southerty MO stutions.

The smaller T, range aad PW ratio at MO stalions
compared with: MO gtationy are consistent with the findings
of Redvan 1960, b, who noted that the PW i ratio is a good
indicator of continentality, commonty ¢xpressed as the
annund range of ternperatore. Peixoro of gl {198 udsa found
seasonal changes in surface to 300-mbar PW more marked
over fand than over sea.

Mid-Latitude Monsnon Huptidity Regime

The mid-latitude monsoon (MM) stations are coastal sites
between about 20° and 407 latnide and stiow move annpal
varinbility in RH thaa either MU oy MO stations. At Rip de
Janeira, Bragil, for example, surface RH is maximum in
winler, but afoft B is maxiaiuny i sumrer, 18 phsse with
To Ty, and PW (Figure 4. This summeriime maximum in
midiropespheric humidity corresponds with a summertime
maximam in precipitation [Bischeid et al, 19911 The sess
sonal hunudity variations @t MM stations are related fo
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