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Abstract While current validation sechniques of General Cireslation Model (GCM) output are primarily associated
with the examination of the average of climate variables at seasonal and monthly scales, there has been little research
on the evaluation of climate model results at the daily time scale. A detailed study of daily precipitation of present
day and enhanced greenhouse simulations from five atmospheric GOMs, conducted under the auapices of the Model
Fraluation Consortinm for Climate Assessment (MECCA) project, show that the intensification of the hydrologle
cyele simulated by all GOMs under enhanced levels of greenhouse gases 18 attributed fo an increase in the Beguency
of heavy precipitation events. Most models reproduce the zonal frequency of extrene precipitation reasonably well
over land. In IPCC Region 1 (midwest USA), an increases in the mean precipitation is accompanied by a concomitant
increase in the variability and a decrease in the number of raindays-per-year. The ninetieth percentile of daily rainfall
increases. The reburn period of heavy rainfall events decreases. The Palmer Drought Severity Index (PDSI) Is used
to determine whether the changes in rainfall regimes may lead to more floods or droughts. Application of the PDSL
using precipitation and temperature from a 10-year equilibrated sinulation generatad by one of the MECCA models
for a typical grid point in midwest USA, shows that instances of dry and wet-spells. occur more frequently under
enhanced greenhouse conditions.
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e To conmnunicate findings in order to advance model
development.

1. Iniroduction

The anticipated increase in global temperatures caused
by increagsing levels of anthropogenically induced green-
house gases is likely to be an important factor in the distri-
bution of water resources in future climates. The absorp-
tion of longwave radiation by greenhouse gases is expected
to cause an increase in global teraperatures. A warmer
atmosphere is capable of holding more moisture because

General Circulation Models (GOMs) are widely regarded
as the “most acceptable tool” to study climate change
{Houghton et ol. 1990) {6]. GCMs have five basic variable
viz.  temperature {determined by the Thermodynamic
equation); humidity and surface pressure (determined by

of the exponential relationship between tamperature and
rater vapour (described by the Clousius-Clapeyron egua-
tion). The increase in temperature, causes an increase
in evaporation and a consequent increase in precipitation.

The plaugible Impacts of increased precipitation are greater

instances of increased wet spells with the possibility of
fioods. Prior research by Manaba et al (31881){8] sug-
gests the possible occurrence of mid-latitude summer time
droughts.

This, and other heightened concerns over the possible
impact of future climate changes, lead to the creation of
the Model Evaluation Consortium for Climate Assessment
(MECCA) project (Henderson-Sellers ef of. 1983 [8]) in
1981 with the following goals:

& To perform numerical experiments that will identily
and quantify the uncertainties associated with pre-
dictions of greenhouse gas-induced climate change
for models used to advise public policy;

s To create a protocol for analysing the experimental
results and applying them to policy; and

'The project Policy and Technical Commitiee decreed on Aprit
20, 1995 to change the acronyms to ME2CA.

equations for the conservation of water substances and
mass); and, the north-south and east-west wind compo-
nents {determined by the Navier-Slokes equation). Val-
uas of these variables are prognostically derived at various
levels. The above equations may be solved using finite dif-
feremces or spectral techniques. This physical and math-
ematical representation of atmospheric processes such as
clouds, precipitation, radiative heating and surface fric-
tion, that oceur ab small scales over a typical GOM grid
Box is called parameterization. Atmospheric GOUMs can be
regarded as Numerical Weather Prediction (NWP) models
which have been adapted for running over long periods of
time (generally decades) by prescribing sea-surface tem-
peratures from climatological data, and by varying the
solar zenith angle by day and season (Mitchell, 1989)[9].
This paper examines the present day and enhanced
greenhouse gas simulations of precipitation in GOMs. Sec-
tion 2 briefly discusses the ability of GOMs in simualating
extreme precipitation events. The combined effect of pre-
cipitation and temperature for a grid point in IPCC Re-
gion b (midwest USA)(105°-80°W, 35°-50°T} is examined
to determine the probability of the ocourrence of floods
aud/for droughts under enhanced COs conditions using a
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drought index in Section 3. The applicability of GUMs to
the study of foods and droughts using this technique is
discussed in section 4.
2. Extreme Tvenis

Current validation techniques of GCM ouiput are pri-
marily associated with the examination of the sverage of
many climate variables. While the use of averages may be
acceptable to validate precipitation and temperature from
Global Climate Models at seasonal and monthly scales
{Rowntree ef gl 1003 [12];Mitchell, 1983[4]), the valida-
tion of daily data requires an examination of the frequency
and magnitude of extreme events. Changes in extreme
precipitation events, in particular, have received limited
attention in the literature {Gordon et el 1892M],Rind ef
al, 1989[11)) despite their potential impact {Wigley, 1985)
[151. The use of daily GUM output for impact analysis re-
quires adequate validation of most variables at the divrnal
seale. 1t is often argusd that in such cases, the variability
is more important than the mean {e.g., Katz and Brown
1992}[71.
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Figure 1: Zonally averaged precipitation for all models
over land. The dotted line represents mean precipitation
using station data aé each 5° latitude band. The error
bars represent two standard ervors to account for differing
number of stations averaged.

Four of the five GOMs (shown in Figure 1} are various
configurations of the WCAR Community Climate Mod-
eling group and the fifth is from the Bureau of Meteo-
rology Ressarch Centre (BMRC). CCMI-07Z is the model
presented as an example in this paper. CCUMI-0Z hag
a R15 horizontal resolution with twelve vertical layers, is
coupled to the BATS land-surface scheme and incorpo-
rates a seasonal and dinrnal cyele. The model incorpo-
rates a ¢ flux correction, includes a convective scheme
based on moist convective adjustinent, has a mixed layer
ocean and three layers of sea-ive. Details of the history
and parameterisation of other GOMs are not discussed in
this paper. Nevertheless, it should be noted that all the
GCOMs analysed i this paper have mixed layer oceans and
will not display the inter-seasonal and inter-annual vark-
ability of GOMs coupled to a full 3-D ocean - a factor that

is important to the study of droughts.
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Figure 2. Zenally averaged probability of precipitation

greater than 40 mmd ™" over land. The dotted line shows
the probability of extrame precipitation from station data
at every 5° latitude band from 1931-90.

The coarse resolution of these GCMs, maeans that pre-
cipitation processes are parameterised over a grid box with
sides a few hundred kilometres in length. Since convective
processes oceur over much smaller spatial seales, the study
of heavy rainfall events using GCOMs is at best qualitative
(Fowler and Hennessy, 199503 Gordon ef el 1992[4)).
The validation of the frequency of such events with ob-
served data 1s a step towards the quantification of uncer-
fainty arising from climate model parameterizations, Un-
ti1 now, this has not heen attempied at the global scale due
to the volume of wformation reguired and other caveats
associated with comparing point with grid area informa-
tion. The first step in this process is to ensure that the
models capture the current day-fo-day variability of cli-
mate in their conirol simulations.

Most models reproduce the sonal average precipitation
reagonably well over land (see Figure 1) with differences
in their capability to simulate the probability of heavy
rainfall {ses Figure 2). In IPCC Region 1, an increases
in the mean precipitation is accompanied by a concomi-
tant tncrease in the standard deviation ie., the variability
{see Table 1). The number of raindays-per-year decreases
resulting in an increase in intensity (rain-per-rainday) to
account for the Increase in average rainfall. The intensi-
fication of the hydrologic cycle sxpected under enhanced
greenihouse conditions is reflected in the increase in the
ninebieth percentile value of average rainfull over the re-
gion. The model showed that the maximum precipitation
occeurred during the northern hemisphere summer months
and the minimum precipitation in November. This did not
change under enhanced preenhouse conditions because of
the models incorporation of the seasonal cyele and a mixed
layer ocean.

The return pericd (defined as that amount of area-
averaged precipitation equalled or exceedad within a cer-
tain time frame) of heavy rainfall events decreases within




Table 1: Descriptive statistics for midwest US4

OCMI-0Z
1xC0,  2xC0Oy
mean precipitation (mmd ') 2.52 2.59
standard deviation (mmid ™) 2.69 2.84
raindays-per-year 207 200
rain-per-rainday (mmd ') 7.7% 8,52
month with max. precipitation Ang Jul
max. precipitation (mm/month) | 18085  171.93
rmonth with min. precipitation Nov Ny
min. precipitation (rom/menth) | 20.21 21.84
104 percentile (mmd ™) 0.41 0.39
60 percentile (mmd ™) 5.50 8.07

the 10 vear period of control and enhanced OOy simula-
tions (ser Figure 3). The five year event in the control
simulation of QOMI-0OZ over midwest US4, becomes n
aue-year event under enhanced COy conditicns. The one
year event in the control simulation becomes a six month
event, oecurring twice as often under enhanced COy con-
ditions. These resuits showing an increase in rainfall in-
fensity, a decreasge in the nwmnber of raindays and a de-
crease in the return periods of heavy rainfall concur with
pariier findings of Gordon ef al. (1992) and Fowler and
Hennessy (1995)]3} using different GCMs. Assuming that
these changes in the magnitude and frequency of heavy
precipitation events simulated by different GOMs are re-
alistic, their impacts on the lkelihood of greater floods
and prolonged dry spells require further research. This, is
the focus of the following section.
3. The Palmer Drought Severity Index

The Palmer Droaght Severity Index (PDSE) developed
by Palmer (1963) [10]. operates on a monthly time series
of precipitation and temperature to produce a single nu-
merical value between +86 and -0 to represent the severity
of wetness or aridity for a particular month (see Table 2).
The index takes into consideration precipitation, potential
evapotranspiration, antecedent soil moisture and runoff.
Palmer evaluated drought in such a way that his index
measures departures from appropriate values of precipita-
tion. Persistently normal femperature and precipitation
produce an index of zero in all seasons in all climates.

The Palmer Index has been widely used in the USA,
Australia (Smith et ol 1894)[13] and in some other arcas
of the world (e.g., Briffa et ol 1994)[2]. The following de-
scription is baged largely on descriptions given in Palmer
(1965)[10] and Briffa et of (1994}{2]. Palmer originally
envisaged the use of monthly mean precipitation {P) and
temperature data to caleulate the monthly water balance
in a simple two-layer soil model. Initially, several local
coefficients are caleulated which define local hydrological
normals related to temperature and precipitation averaged
over some calibration period. Thess coefficients («, §,v.,4)
are calculated for individual months in each region ag fol-
lows:

PCC Region 1: Midwest USA
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Figure 3: Return periods of extreme rainfall based on 10
vears of equilibrium simulated daily rainfall using COMI-
07, Solid and dashed lines represent control and enhanced
203, simulations respectively.

w=ET/FE (1
§=T/PH (2)

v = TO/PRO

=

—I/PL (4)

where PE is the potential evapotranspiration {caloulated
from the temperature data according to Thornthwalte,
1948114]), ET the actual evapotranspiration, £ the soil
water recharge, PR the potential soll-water recharge, RO
the runoff, PRE the potential runoff, L the water logs from
the soil and PL the potential water loss from the soil. The
overbars signify that thess are the average quantities, de-
rived using the appropriate month’s data averaged over
some ealibration period.

The terms on the right hand side of the above equations
satisfv the water balance equation

P=FT4+RE+HO+T (3)

whare P is the ‘climatically appropriate for existing con-
ditions' {CAFBC) value for pracipitation.
Bvapotranspiration logses from the soil ocour when PR >
P, Losses from the surface layer (L,) are assumed to oc-
cur at the potential rate. Losses from the underlying layver
{L,) depend on the initial moisture content, PZ, and the
combined soil water content (SWC) in both layers. The
upper layer is assumed {0 have a ZH-man water storage
capacity. The available water capacity (AWC) of the un-
derlying layer depends on local soil fype. Moisture cannot
be removed from or be replenished in, the underlying layer
until the available moisture has been removed completely
from, or replenished in, the surface layer. Hence

Ly = min(8, PE -~ )
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igare 4: Monthly precipitation for Des Moines, Towa: (a)
COMI-07 control O05 simulation (solid line) Observed
station data 1981-90 (dotted line); and (b) COMI1-07 con-
trol COg simulation {solid Hne) enhanced OO, simulation
{dashed line]

and
L,={PE~F)~ L5 /AW {7}

where 5, and 8, are the initial moisture values in the sur-
face and underlying layers ab the beginning of the month.
Runoff cannot oceur unless both layers reach their com-
bined capacity.

The potential terms {recharge, loss and ranofl’} are cal-
culated as:

PR=AW{C (5, + 5,) (3)
PL=PL,—PL, &)
where
PLy,=min{PE,S,) {1i0)
and

PL,={PE - PL)S./JAWCPL, <85, (11)

PRO

AWC - PR (12)

Potential recharge (PR) is defined as the amount of
moisture required to bring the soil water up to field ca-
pacity (i.e. AWQ). Potential loss (PL) is the soll moisture
that could be lost to evapotranspiration if precipitation

was zero for that month. Potential runoff (PRO) is de-
fined as the potential precipitation {(assumed by Palmer
o be equal to the AWC) minus potential recharge. Glven
o, 3, v, 6, the PDSI caleulation for a given month then
commences by calculating a precipitation anomaly

de=P P (13)

where P = oPE+IPR+PRO+PL {equivalent to equa-
tion 5). A moisture anomaly index (Z) is then caleulated
as

Z=FKd (14)

where K is a weighting factor determined by Palmer {1965)
from the calibration period data, Scaling d by K in effect
standardizes the moisture anomaly by scaling it to a de-
gree determined by local conditions. Palmer defined the
scaling factor for a particular mounth as

K= [ ) K

\

where I ig the mean of the absolute values of o for that
month over all vears in the calibration period, and
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igure 5: Monthly temperature for Des Moines, lowa as
in Figure 4

The summation in equation 15 denotes that the divisor
is caleulated as an apnual value, The unit of calculation



Table 2: Description of monthly moisture conditions

Tndex Characteristic O O R
4.00 or more | Extremely wet 1 5] 1
3.00 to 3.99 Very wet 2 2113
2.00 to 2.90 Moderately wet 14 5115
1.00 to 1.99 Slightly wet 12| 18§ 13
0.59 to -0.99 | New normal 46 | 61 | 37
-1.00 10 -1.99 | Mikd drought 15 14 | 13
2200 to -2.99 | Moderate droughs | 9| 71 21
-3.00 t0 -3.59 | Severe drought 12 05| T
-4.00 or less Txtreme drought o] 1] 0

in these equations is inches. The constants (
and 0.5} in squations 15 and 16 were derived by Palme
(1965) after much experimensation using annually aggre-
gated data from only nine USA climate divisions. Their
general applicability for scaling individual monthly Z val-
tes and, more pasticudarly, when applied to climate data
very different from those encompassed in Palmer’s nine
regions, must be opet: to question (Alley, 1984)[1]. How-
ever, these nine regions represent a wide rauge of climate
conditions and many subsequent applications of the PDS!
method in various regions of the USA have found it o be
satisfactory.

Having calculated Z for a given month (1), the PDSI
ig given by

mer

PDSI; = PDSI;_qy + 0.33%, —0.103PDS Ty (17)

where the mitial month, in a spell of dry or wet weather,
is simply equal to 0.33 % Z;. Equation 15 reduess to

POSI = 089TPDSI.0 + 0.332; {18)

Palmer (1865) modified the procedare according to
whether a dry or wet spell was already established. A
spell is considered to have become established once the
absolute value of the PDSI exceeds 1.0, The end of a dry
spell does not necessarily indicate the start of a wet spell
(and vice-versa). The beginning and ending of spells are
determined by continually monitoring three PLSI series:
(1) index for a wet spell becoming established (X, };

(i} index for a dry spell becorning established (Xy);
(iif} index for a wet or dry spell that is currently estab-
lished {X3).

X1 is always positive and X, negative. When the value
of X3 reaches 1.0, it will equal either X, or X4 depending
on the sign. Droughts (and wet spells) end when Xz re-
turns to a value within the range +:0.5 (Le. near normal).
Rather than wait for a spell to end, for a particuiar {cur-
rent) month (i), Palmer (1985) ealculated » ‘percentage
probability’ that the spell had ended according to

\

x 100 (19)

i 4
P, = z U.;,_,'/ Z. + z UI'A_',‘
=1

j=0

whers 77 is the number of months before the current one
(i) that 2 spell became established, and

For
for dry spells, i
(.15, A dry or wet &5
exceeds saro percent,
4. Application of the PDSI

It is generally preferable to compars the climate of
one grid point o a set of stations equally distributed
throughout the prid square. However, the area exam-
ined in this analysis is relatively Tee from high relief and
has & homogeneous vegetation cover. Therefore, the cli-
mate measured at one station (Des Moines, Iowa (43.53°N,
92.65°W)), although it does not represent the clinate of

P b s e pyeard i Parmenebrate dha ahilite of
full grid square, 8 used fo demonsirate the ability of

wat gspells, the sign in equation 20 is positive and
egative. Variable T is equal to o=
med to have ended when F,

thie
the index to capture extreme events in the 1981-50 time
period. Precipitation and temperature from a typieal grid
point in IPCO Region 1 (midwest USA), using the control
and enhanced greerhouse stmmulations of COMI-GZ were
applied to the PDEL The nature of PDAL is such that
the total of the monthly PDSI values should sum to zero.
The sum of the 120 index valuss from the observations,
the eontrol and enhanced 00y simulations are -0.03, .11
and 0.08 respectively implying successful execution of the
index.

The observed precipitation is somewhal similar in mag-
nitude and seasonality, to precipitation sinulated by the
control run of the GOM (Figure 4(a)). The seasonal ampli-
tude of monthly temperature of the station is greater than
that of the control run of CCMI1-0Z (Figure 5{a)). Never-
theless, the twelve month running mean of the control sim-
nlation of the GOM coincide with that of the chservations
for precipitation and temperature. Under enhanced green-
house conditions, mean monthly precipitation for the grid
point increases by 5.2%, the standard deviation increases
by 13% and the seasonal range increases by 20.18% (Fig-
ure 4(b)). Mean monthly temperature inersases by almost
590 under enhanced greenhouse conditions however, thers
is a noticsable decrease in the seasonal temperature range
of almost 3°0 possibly due to higher minimum lempera-
tures in the dinrnal oycle of the GOM (Figure 5(b)).

The PDSI when Torced with observed monthly aver-
age temperature and total accumulated monthly precip:-
tation station data for Des Meines, Iowa from 1981-1690
{Figure 6{a)) reproduce the severe drought of 1988 during
months 90-102. Frequent large amounts of precipitation
are responsible for the prolonged wet-spells for months
24.06 in the comrol OO0, simulation of the GUM (Fig-
are 6{b}). Droughts are more proionged under enhanced
(09 conditions (Figure §(c)) and tend to occur during
the summer months primarily due to lower than normal
precipitation in the preceding months (Figure 4(a}), Un-
der enhanced (04 conditions, months classified as hav-
ing moderate drought increases threefold from 7 to 21 and
those of severe drought from 5 to 7 {Table 2}, At the other
and of the scale, months clagsified as belug moderately wet
increase threefold from § to 15 and those classified as very
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Figure 6 PDSL for Des Moines, lowa (a) Station Obser-
vations 1581-90 (h) COMI-0% control CO» simulation (¢}
CCMI1-07 enhanced 004 simulation

web increase from 2 to 13, There are also fewer months
classified as near normal under enhanced greenhouse con-
ditions in the ten year period analysed.
5. Conelusion

The model stmulations suggest that the increase in
mean precipitation over midwest USA, caused by the in-
tensification of the hydrologic cycle under enhanced green-
house conditions, is likely to cause an increase in the fre-
quency of extreme rainfall avents. It has heen shown that
this change in rainfall regimes over the study area will re-
sult in an increased incidence of wet spells and droughts.
Extreme weather phenomena, such as flooding rains and
droughts, are often related to the Bl Nific effect which is
not simulated by GCOMs that include a mixed layer ocean,
The next stage of this research is the application of this
technique to a GOM coupled to a 3-D seean over a time
scale spanning several decades.
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