CHAPTER 5

i K

< Hydrologic Cycle
| Climate Reseah CIRES

The Earth’s atmospheris uniqgue amongst the known planetary atmogshierthat it possesses a com-
plete hydologic cycle That is, we find water in its @ phases: gaseous, as water vapor; liquid, as
cloud liquid water; and solid, as ice and snolihe a&istence of a complete hydlngic cycle on the

Earth greatly modifies the climatenaking this planet hospitable to a wide variety of lifehowever,

also geatly complicates undstanding and mdiction of climate because the water and gpeawycles
interact in a nonlinear way on all time and space scales. On the shortest time scales, within thunder-
storms, the thee phases of water can be found at the same time within a vertical column in the atmo-
sphere On seasonal to intannual time scales, the fe€ts of egional changes in sea surface
temperatue in the Rcific Ocean a& communicated globally byhanges in the topical atmospheric
hydrolagic cycle On decadal to centennial time scalesfed#nces in pecipitation minus eaporation

drive the global oceanic thermohalineaitation thought by many to be thehlles heel of long term
climate variability Thus, hydvlogic cycle climateaseart truly cuts acoss all of the NBA Strategic

Plan themes and provides the link between these themes and human dimensions.

5.1. Using satellite data for climate cess gres us an idea of what
studies performance we might anticipate from a
given instrument. The werse problem
The comple process of using satellite begins with the actual satellite obsarv
data for climate applications is illustratedtions. These obseations are then used
schematically inFig. 5.1 The ultimate in an irverse radiatie transfer model to
goal of this process is to better underproduce retrieals of geopisical \ari-
stand the satellite data and then applgables. In this process, additional con-
this knavledge to process studies of cli- straints are often applied to the satellite
mate applications leading to impexd obserations such as use of a forecast
predictions. There are twpaths to reach- first guess, othea priori data such as
ing this goal, the forard problem and clustered radiosonde obsatons, and
the inverse problem. In the forward prob-radiance bias corrections. Obseavwadi-
lem, sample geopfsical \ariables are ances are compared to simulated radi-
run through a forard radiatve transfer ances and retrieved geophysical variables
model, along with specific information are compared to obse&w geopigsical
about the satellite instrument such as theariables and the totality of this kmb
instrumental error characteristics andedge is then applied to process studies of
spectral response functions, and the outelimate applications.
puts are simulated radiances. This pro-
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Fig. 5.1. Schematic of the forard and imerse radiatie transfer processes as applied to the use of satellite
observations for climate monitoring and prediction.

5.2. Satellite error characteristics -A dom and systematic sampling errors,
key issue for climate studies and retrigal errors. A complete discus-
sion of the error characteristics applied
A variety of methods are required toto HIRS channel 12 obsetions can be
characterize the errors from any satellitefound in Wi et al. (1993) and Bates et
obserational system. These include,al. (1996). The typical lifetime of a sat-
but are not limited to, forard radiatre  ellite instrument is on the order of53-
transfer simulation studies, dmward years. Obtaining a long time series of
calibration, vicarious calibration and obserations from satellites requires the
validation with in-situ obseations, ran- use of maw similar, but slightly differ-
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ent instruments, on many different satel-There are four lines on each diagram;
lites. Thus, a & issue for the use of one for each satellite and one for the
satellite data in climate studies is theascending and descending passes from
accurate characterization of instrumeniach satellite. Generallyhere is little
errors from one instrument to thexhe difference between the ascending and
Bates et al. (1996) kia established a descending passes from a single instru-
method for the intersatellite calibration ment, lut there are sometimes signifi-
of NOAA polar-orbiting satellite HIRS/ cant diferences between satellites. This
MSU instrumentsFig. 5.2 shavs the suggests that ddrences in the relat
empirical distrilntion functions of HIRS filter response functions between the
channel 12 brightness temperaturaifferent satellites are the ¢@st source
anomalies for the overlap periods of dif-of discrepang between the di€rent
ferent NQVA satellites from 197%995. satellites. © obtain a seamless time
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Fig. 5.2. Empirical distrilution functions of verlaps between operational satellites used for intercalibratic
HIRS channel 12 upper tropospheric water vapor channels.
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series of these observations, all anomaly.3a-c The classic ENSO avm event
distributions are adjusted to a baselineSST signature FHig. 5.39 is evident
instrument. © date, we ha only ana- with positve anomalies in the central
lyzed the NESDIS cloud cleared radi-and eastern equatoriaaétfic and nga-
ances, but we are now re-examining rawtive anomalies in the western equatorial
level 1b data as part of theDVS Path-  Pacific extending poleward to the extrat-
finder program. ropics. This interannual SST EOF pat-
tern has been found in independent
5.3. Global studies of the atmospheric analysis of shimpnly data and satel-
hydrologic cycle lite-only data (Bates, 1994). The spatial
pattern for OLR anomalied=ig. 5.3b
5.3.1. Inteannual variability of upper shavs a pattern of near equatorial
tropospheric humidity anomalies that results from the shift of
conwection from the western aeific
Empirical orthogonal function (EOF) Ocean to the central and easteatific
analysis vas performed separately onduring warm events. There are posit
the HIRS 12 upper tropospheric humid-OLR anomalies centered near the date-
ity (UTH), Reynolds blended SSTand line and &tending into the eastern equa-
all-sky outgoing longwve radiation torial Pacific. Negyative OLR anomalies
(OLR) monthly mean anomaly datasetsare found in the western equatorial
To keep the comparisons uniform, thePacific and there is a small getive
data were analyzed from 198893 anomaly over northeastern Brazil.
(since the satellite SST data onlygbe
in 1982) for the tropical m@on The spatial pattern of the UTH EOF
30°N-30°S. In all cases, the first mode igFig. 5.39 shavs some similar features,
associated with interannual, globarv  but also some distinctly dérent fea-
ability during ENSO warm eents. tures when compared to the OLR.
Because of this, the principle compo-Along the equator in theaRific Ocean,
nent time series for each dataset hathe UTH and OLR features are most
been plotted on a single figur&ig. similar At the equator and the dateline,
5.3d). The amount of ariance there is a minimum in UTH. The mini-
explained by the first mode ranges frommum extends easewd to a second min-
12% for the HIRS 12 UTH, to 24% for imum in the eastern aeific. Relatve
the OLR, and to 32% for the SSAll  maxima along the equator are found in
the correlations are significant at thethe western &ific and across South
99% level assuming only 72 deees of America etending wer northeast Bra-
freedom (half the total number of zil. The most striking dference
months). Correlations are quite highbetween the UTH and OLR, Wwever,
between OLR, HIRS12 and the SSToccurs in the subtropical latitudes. A
anomalies (.86 and .78ubthe highest large maximum in UTH is found just
correlations are found between the OLRsoutheast of Haaii. There is only a
and HIRS12 (.93). weak hint of this anomaly in the OLR
data. The UTH data also sha series
The spatial patterns of the leading modexf maxima and minima across the
for each parameter are sho in Fig.  southern hemisphere subtropics includ-
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Fig. 5.3. Spatial pattern of leading mode interannual empirical orthogonal function foryaplge I/O sec
surface temperature anomalies, b) outgoing lcegwadiation anomalies, ¢) HIRS12ater \apor brightnes:
temperature anomalies, and d) time series of leading mode empirical orthogonal functionfldREO sez
surface temperature anomalies ("C, dashed line), outgoing soegradiation anomalies (W ) dotted line),
and HIRS12 upper tropospheric humidity (%, solid line).

ing a minimum from southwestern Aus- UTH, and Topospheric temperature
tralia etending westard tavards (MSU2), havever shavs no significant
Madagascara maximum to the east of correlation between UTH and SST and
Australia, and tw minima further east MSU2 time seriesHig. 5.4). The behe-
one on either side of South America. ior of tropical UTH appears quite differ-
ent from one ENSOwvent to the other
An examination of the tropical area During the 198283 ENSO the UTH
awerage interannual changes in $SSTdecreases maeklly, during the 198@7
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ENSO eent the UTH remains about enegy for drving lamge-scale atmo-
constant, and during the 1992-ENSO spheric motions. Becausery little in-
the UTH increases slightlyThe most situ data is @ailable over many regions,
striking aspect of these time series is thesatellite remote sensing is the only real-
dramatic drop in tropical UTH during istic way of prosiding global rainall
the 198283 ENSO. This suggests that aestimates for climate research. The
negatie UTH feedback doesxist for adwent of satellite pass micravave
certain states of the tropicaydirologic  technology which has the ability to see
cycle. We are continuing our analysis of beyond the cloud tops viewed by visible
these data sets and collaborating withand infrared sensors, has yded nev
GCM model runs to impre our under- prospects for global raiali estimation.
standing of these variations. Passive microwave data provides a more
physically direct relationship between
5.3.2. Pecipitation estimates dm rainfall and the obseed brightness
satellite micowave and infired temperatures than infrared or visible
observations retrieval techniques. Precipitation can
be detected either through the emission
Precipitation plays a crucial role in theof thermal eneyy associated with
Earth's global climate system, especiallyabsorption by liquid raindropsver a
in the tropics where the resulting releaseold background such as the ocean or
of latent heat is the main source ofthrough scattering by frozen hydromete-
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Fig. 5.4.Monthly mean interannual anomalies of SST, UTH, and Tropospheric temperature (MSU2
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ors in upper cloud regions. Although thevations from geostationary satellites
scattering approach is less direct, it carusing the SSMI micnvave retrievals. A
be used to infer raiafl rates oer land comparison of results using this
regions where emission techniques daapproach during @GA-CQARE with
not work. other satellite retrial algorithms as
part of the third Global Precipitation
Berg and Chase (1992) computed a cli-Climatology Project (GPCP) algorithm
matology of monthly rairdll estimates intercomparison  project indicates
over the tropical Rcific using passe improved climatological estimatesver
microwawe satellite obseations from techniques using either the SSMI pas-
the special sensor miavave/imager sive microwae or infrared obseations
(SSMI) for the period July 1987 through alone. lwolvement with a total of six
December 1991. An initial analysis of satellite raindll intercomparison
this data by Bey and Aery (1994) projects through both the GPCP and
found that the major precipitation fea- NASA's WetNet Project hae led to sig-
tures as well as the seasonafiability nificant impravements in operational
of the rainfall distributions were in good rainfall algorithms (Bey et al., 1997) as
agreement with xpected alues, while well as a better understanding of global
the moderately intense 198G-El Nifio rainfall variability and the problems
and the intense La Nifa during 1988-89%ssociated with detecting and estimating
accounted for significant interannualrainfall intensity.
variability during this time period. A
comparison of the SSMI estimates with
other satellite retrial techniques for 201
April 1988 is shan in Fig. 5.5 This o
figure shavs the problems with the = h .
infrared techniques (OLR and GPI) in [20E 150E 180 150 W 120 90 W
discriminating status clouds from light =
rainfall as well as dffculty in detecting o B s
shallow convection in the central Pacific le0E 150 180 disow {20w BaW
ITCZ region. The large variability in the
SSMI estimates is alsovident, indica-
tive of the limited sampling of a single

April 1988
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estimates by Begr and Aery (1995) - o —
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polarorbiting defense meteorological _ _ _
Fig. 5.5. A comparison of the monthly raaif for

satellite program (DMSP) spacecraft is oy 1988 estimated from SSMI (Berand Chase
the dominant source of error in the 1992), the outgoing longave radiation (OLR).

i _ Arkin and Meisner's Nlon. Wa. Re., 115
monthly \alues. © address this prob 297(1987)] GPI technique, and the highly reflex

lem, Beg (1994) Ca"brate_d high spatial coud (HRC) inde by Kilonsky and RamageJ|
and temporal resolution infrared obser-Appl. Meteor. 15, 972(1976)].
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5.4. Process studies of the for the study of fdrological processes.

atmospheric hydrologic cycle Recently, we haxused the UTH data to
examine normal, earlyand delayed
5.4.1. The East Asian monsoon monsoon onset years in the SC§ioa

(Fig. 5.6 during 1979 - 1995. During a
Studies based on coupled ocean-atmaiormal onset yeawe find weak anoma-
sphere models and obsatens hae lies of UTH throughout the global trop-
shavn that thereasts a “predictability ics. The early monsoon onset year of
barrier” for the ENSO-Ilik variations in 1984 is characterized by stronggasve
the Eastern Asia monsoongren in  UTH anomalies in the central equatorial
boreal spring. In the study of the clima-Pacific and positie UTH anomalies in
tology of the South China Sea monsoonthe western &ific. The late monsoon
we found that the seasonal transition ironset of 1993 is similar to the normal
the northern hemisphere starts with thenonsoon onsetxeept for a tenderycfor
summer monsoon onset in the Soutrslightly stronger positie UTH anoma-
China Sea (SCS) gon. The timing of lies in the SCS. & are continuing to
the SCS onset, @ver is strongly explore the use of UTH data as a predic-
dependent on ddrent time-scale sys- tor of SCS monsoon onset.
tems not only from the tropics, such as
the tropical disturbances and the ITCZ5.4.2. Pan American climate studies
in the western &ific, intraseasonal
oscillations and monsoon depressiondJnderstanding the role ofytrological
from the Indian ocean and the ENSOprocesses, and raaif in particular on
events, it also from the subtropical short-term climate ariability in the Rn
region such as the westermdfic sub- American rgions is critical to impre-
tropical high (WPSH). Moreer, sea- ing models and subsequent climate pre-
sonal and interannualaxations of the diction efforts. Due to the lack of in-situ
sea suidce temperature in theaélfic obserations @er the east &ific, hav-
and South China Sea also conitdbto ever the tydrology of this rgion and
the deelopment of the lgje-scale ther- the dynamics wolving the transport of
modynamic instability wer the SCS. moisture between the easadfic and
Therefore, we belie that to sercome the Americas is poorly understood. Our
the “predictability barrier”, the models knowledge of rainfall processes over the
must correctly describe mechanisms ofAmericas, particularly with gard to
the abwe systems, and particularly the monsoons, and the impact these pro-
their interaction processes. cesses hee on lydrologic and engy

balances throughout thea® American
Marny previous studies on the Asian region sufers from a number of defi-
monsoon focused on the role of the deegiencies. A comparison of annualea-
conwection, in particular the role of the age raindll from seeral satellite
ITCZ, on monsoon onset. Studies on theetrieval techniques is sk inFig. 5.7,
interannual and intraseasonalriations which demonstrates the poor agreement
of the western &ific subtropical high, between these ddrent techniques
unfortunatelyare fev because of lack of along the eastdeific ITCZ. Based on
obserations in this rgion, especially NMC model analysis, Janoak et al.
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[18th Climate Dignostics Wrkshop vide the large-scale context for studying
NOAA, 216(1993)] suggested that thisthe dynamics of this ggon and the
discrepang is the result of shalle con-  resulting interactions withydrological
vection in this rgion, resulting in processes over the continents.

warmer cloud tops in the IR and thus

less rainéll estimated by the GPI tech- Berg (1994) has shvn that for precipi-
nique. This kgpothesis, however does tating clouds (as determined from
not explain differences between thedaw SSMI), the ratio of cloud top tempera-
microwawe emission retrial schemes tures belas 235 K, which is the cutbf
from SSMI and MSU. A pilot field used by the GPI retwal technique, to
observation program is planned over thehe total is much greatever the west
east Rcific intertropical cowergence Pacific warm pool rgion than wer the
zone for September 1997. Continuallyeast Rcific. In the varm pool rgion
updated climatologies of satellite pre-this ratio is close to 60%, while the
cipitation, water \apor and other cloud value is closer to 20%ver the east
properties (Bey and Avery, 1994) pro- Pacific. As a result, infrared-based satel-
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Fig. 5.6. Monthly mean interannual anomalies of upper tropospheric humidity for March preceding 1
early, and late onset of the South China Sea monsoon.
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Global Precipitation Index
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Fig. 5.7.Average annual raiafl estimated from three d#rent satellite sources. The top imageswreated fron
geostationary infrared data using Arkin and Meisd987) GPI technique, the middle image is fr
microwawe sounding unit (MSU) estimates produced by Spencer (1993), and the bottom image is frol
estimates by Berg and Chase (1992).

lite estimates alidated @er the west orbiting and geostationary platforms is
Pacific will tend to underestimate the being used to westicate Ilav-level
total rainfll in the east &ific by moisture transport cermging into the
almost a &ctor of three. This finding is ITCZ, and the subsidence and drying of
consistent with the raiafl estimates the upper troposphere alothe ITCZ.
shown inFig. 5.7. The use of multispec- These processes are unique to the east
tral satellite imagery is currently being Pacific ITCZ and gie rise to the laye
investicated to help quantify ancglain  discrepancies in estimates of precipita-
this fundamental diérence between tion and hence latent heat release and
precipitating systems in the two regions.the resultant seasonal to interannual cir-
A combination of satellite raiafl and culation anomalies.

water \apor estimates from both polar
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Investications of upper tropospheric OLR anomalies shvn in the left panel
brightness temperature anomalies fronof Fig. 5.8 The SSMT2 anomalies
the SSMT2 moisture sounder on boardshaovn in the right panel dfig. 5.8indi-
the DMSP satellites ke shovn the cate the same easivd propagting
presence of intraseasonariability in  MJO signature as the OLRuta west-
this water \apor signal which is not ward propagting signal of the opposite
apparent in OLR obseations (Beg, phase is also present in the SSMT2
1996). Band pass filtered brightnessanomalies, resulting in a cancellation
temperature anomalies from the SSMT2over the east Pacific.

183+ 1 GHz channel are siwo for the

equatorial belt inFig. 5.8 The bright- 5.5. Studies of air-sea interactions
ness temperatures from this channel are

sensitie to water \apor abge ~500mb 5.5.1. \ihd speed and daction fiom
as well as both liquid ater and ice, passive and active mmwvave
making it particularly useful forydro- observations

logical studies. Moisture increases in

ary water phase result in a decrease iWe hae been analyzing passi micro-
the associated brightness temperaturesvave data from the SSMI and scatter-
As a result, this combined phase moisometer data from the ERB-so these
ture signature can be used to identifydata can be optimally used for estimat-
and track features much better than théng the airsea heat and momentum
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10S to 10N 10S — 10N, 183+1 GHz
1 APR 1994

2 APR 1994
2 MAY 1994 1 MAY 1994
1 JUN 1994 31 MAY 1994
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29 SEP 1994 28 SEP 1994
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28 DEC 1994 27 DEC 1994

27 JAN 1995 26 JAN 1995

26 FEB 1995 25 FEB 1995
28 MAR 1995 27 MAR 1995
27 APR 1995 26 APR 1995
27 MAY 1995 26 MAY 1995

26 JUN 1995 25 JUN 1995

Fig. 5.8.Zonally averaged anomalies of a) OLR and b) #83 GHz (upper troposphere) SSMT2 brightn
temperatures with a 35 to 90 day band pass filter applied.
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fluxes. Recent obseational results distribution.Fig. 5.9shows the theoreti-
from aircraft suggest there is a detectcal change in brightness temperature as
able wind direction signal in passi a function of wind speed and direction
microwawe data. The action of the sur-for the 37 Ghz ertical polarization for
face wind upon the ocean [agé vave near nadir vieing angles. In reality
spectrum may be thought of in terms ofhowever the SSMI obsewrs the ocean
a twoscale model; the longave scale is surface at a 53° incidence angle, so this
related to the Igrescale slope distrie  resonance wind direction signal is
tion of the ocean gvity waves and the masled by an additional signal due to
shortwae scale related to the smallthe slopes of the lge wavwes. & are
scale distribution of the capillary waves.using luoy data from NDBC and the
The wind direction signal in passi TOGA-TAO moorings matched with
microwawe data is thought to originate SSM./I obserations to assess the practi-
from a resonant emission phenomenaal application of this technique (Bates
due to the small scale capillaryave and McColl, 1995).
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Fig. 5.9. Simulated increase in pagsimicravave brightness temperature as a function of wind speed
direction for 37 Ghz vertical polarization.
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5.5.2. Satellite radar observations of thetions of SST are critical for impving
ocean surface these forecasts. NKA NESDIS has
been producing estimates of SST using
Both actve and passe micravave high resolution multispectral infrared
techniques can be used to rateieesti- data from the NOAA polar-orbiting sat-
mates of ocean winds speed and direcellites for over 10 years. Hoever the
tion, kut the understanding of what utility of this data set for climate and
processes contibe to the obseed sig- global change studies remains only mar-
nals requires high resolution data setsginal because of large biases during vol-
such as pnaded by SAR, and field canic aerosol episodes and operational
experiments such as the coastal oceanonstraints. Bates (1994) critically
probing eperiment (COPE). W& are examined the first 10 years of this satel-
conducting collaborate work with lite-derived SST product with respect to
NOAA Environmental Technology Lab- three criteria: 1) the basic ysics of the
oratory in radar obseations of the method, 2) mean ddrences between
ocean sudce. & hare completed a satellite deried and in-situ SSTs, and 3)
major technical memorandum on thethe space/time variability of the data set.
analysis of the Russian Almaz synthetic
aperture radar (SAR) obsations of Fig. 5.10 shaws the zonallyaveraged
ocean sudce phenomena (Bates anddifference between the satellite ded
Gottschall, 1996). Prior research hasSST analysis and GXDS. During this
shovn that HH polarized micwave 10-year period, tw major bias eents,
backscatter is ary different from VV due to stratospheric aerosols, ake- e
polarized backscatter when oceaaves dent. The first\eent occurs in the Spring
break. Under these circumstances, thef 1982 and is associated with the erup-
spectrum of the HH polarized backscat-tion of EI Chichon. The maximum
ter shifts to higher frequencies and theanomaly is approximately2-C soon
spectral width (second moment) after the eruption. The biasespanded
becomes broaderWe are analyzing with time in latitude and biases df°'C
wawve tank, COPE field data, and Almazremain throughout 1983. In late Spring
SAR data to xamine whether the dop- 1991, a series of eruptions occurred on
pler spectral width can be used to charMt. Pinatubo. Biases immediately after
acterize breaking sve action on the the eruption xceeded -5°C. In late
ocean surface. This type of data, in turnsummer 1991, NESDIS implemented a
may be used to improve our understandnew algorithm in an attempt to correct
ing of the ocean swuate vawe spectrum for the wlcanic aerosols. Some
and remote sensing obsations of decrease in the biases akadent from

ocean surface winds and fluxes. this change, It smaller persistent ga-
tive biases are stilv@ent in the tropics.
5.5.3. Sea surface temperature We are working with R. Reynolds of the

NOAA Coupled Model Project to
Sea surface temperatures are used as timaprove our understanding of the satel-
primary boundary condition for most lite derived SST product and blend these
seasonal to interannual forecastingdata with in-situ obseations to obtain
schemes. Thus, accurate global observdhe best possible SST product.
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LATITUCE

MCSST MINUS COADS ZOMALLY—AVERAGED SST DIFFERENCE (C)
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Fig. 5.10.Zonally averaged mean monthly difference ("C) between MCSST analysis and the COADS S¢

Contributed by: J. Bates, WBeg, Q.
Ye, and D. Jackson.
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