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ABSTRACT

A 32-km high-resolution modified Palmer drought severity index (MPDSI) based on the National Cen-
ters for Environmental Prediction (NCEP) North American Regional Reanalysis (RR) from 1979 to 2004
is presented. The assumptions of Palmer, such as the water balance equation, the difference between
observed precipitation and the climatologically expected precipitation over the maximum conditions, and
the changes of the index as a function of the current index, are preserved. Many deficiencies of the original
PDSI are eliminated by taking fields directly from the RR or by making better estimates. For example,
fields such as potential evapotranspiration, evaporation, runoff, total soil moisture, and soil moisture change
in a given month are obtained directly from the RR. The potential recharge is defined as the total soil
moisture needed to reach the maximum total soil moisture at each grid point for each calendar month. The
potential precipitation is defined as the maximum precipitation at each grid point for a given calendar
month. The underground volumetric soil moisture includes both frozen and liquid form. Therefore, the
contribution of snowmelt is taken into account inexplicitly. The questionable assumptions of two-layer soil
model and the available soil moisture capacity are no longer needed. Overall, the MPDSI, when averaged
over a large area and long time, often resembles the traditional PDSI based on the Palmer formula and the
climate-division data. The MPDSI obeys Gaussian distribution, and so it can also be used to assess the
potential for floods. Together with a consistent suite of soil moisture, surface energy, and atmospheric terms

from the RR, the MPDSI can be used to monitor and diagnose drought and floods.

1. Introduction

In 2003, the Western Governor’s Association and the
National Oceanic and Atmospheric Administration
(NOAA) recognized the need to have a better drought
monitoring and forecast system for the United States.
A drought early warning system would help to mitigate
the impacts of drought on the U.S. economy, including
human suffering and property losses. One way to es-
tablish drought warning is to monitor and forecast in-
dices that incorporate the long-term changes in precipi-
tation and hydrological conditions.

There are two indices commonly used to monitor
drought: the standardized precipitation index (SPI) and
the Palmer drought severity index (PDSI). The rela-
tively simple SPI is based exclusively on precipitation
(Hayes et al. 1999) and has been used to monitor
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drought at the National Drought Mitigation Center and
the Western Regional Climate Center (McKee et al.
1993, 1995). It is flexible and can be applied to monitor
droughts as well as floods on different time scales. The
PDSI, however, is based on the water balance between
soil moisture supply and demand (Palmer 1965). The
Climate Prediction Center and the National Climatic
Data Center (NCDC) have routinely produced the
PDSI based on the U.S. climate-division data that are
available from the NCDC from 1895 to the present.
This dataset is labeled as the PDSI(ncdc) in this study.

Some of the rules used to establish the PDSI are
arbitrary (Alley 1984). Palmer (1965) calibrated most
parameters based on limited temperature and precipi-
tation records of a few stations over the Great Plains
from the 1930s to the 1960s. The five major shortcom-
ings of the PDSI are as follows.

1) The potential evapotranspiration (PE) is estimated
based on the formula derived by Thornthwaite
(1948). It is a function of surface temperature alone.
It will be shown later that this estimation differs
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from the estimation adopted in the National Centers
for Environmental Prediction (NCEP) regional re-
analysis by as much as 60%.

2) For lack of observations or better data, Palmer
(1965) assumed that there are only two soil layers
and that the available water capacity (AWC) is fixed
at a constant 254 mm over the entire United States.
In reality, however, the AWC is regionally depen-
dent and is a function of soil type and soil properties
(Schaake et al. 2004; Robock et al. 2003; Cosby et al.
1984).

3) Over the western region, all winter precipitation is
treated as rain; therefore, the snowmelt and frozen
groundwater are not taken into account.

4) Most parameters used in the PDSI are sensitive to
calibration (Karl 1983, 1986; Mintz and Walker
1993; Wells et al. 2004). Over the contiguous United
States, precipitation and temperature have in-
creased in the twentieth century (Groisman et al.
2004). The linear trend of the area-averaged tem-
perature based on the U.S. Historical Climatology
Network for the period of 1895-2002 is 0.56°C (100
yr)~!. The trends are regionally dependent, with
warming over the West and weaker cooling over the
Southeast. Their study also shows that the mean to-
tal and heavy precipitation events increased during
the past three decades. Therefore, parameter cali-
brations based on data in the 1960s or 1970s may not
be appropriate for the current period. Calibrations
should be based on the entire data period.

5) The potential precipitation is assumed to be the
same as AWC. In reality, there is no relationship
between precipitation and AWC (Alley 1984).

Because of the recent success of the North American
Land Data Assimilation System (NLDAS; Mitchell et
al. 2004) and the land surface model (LSM) activities
(Ek et al. 2003), there is no need to estimate parameters
used in the PDSI. The NLDAS/LSM is also a subcom-
ponent of the North American Regional Reanalysis
(Mesinger et al. 2006), and continues as the Regional
Climate Data Assimilation System from 1979 to the
present. The entire dataset is labeled as the RR. Both
verification and intercomparison studies indicate that
the hydrological cycle over the United States depicted
by the RR is realistic (Mo et al. 2005; Fan et al. 2000).

The goal of this paper is to present a modified high-
resolution PDSI to monitor droughts and floods over
the United States based on the RR. Because the PDSI
has been widely used in the operational and research
community, we would like to preserve the original
framework of Palmer (1965). The new modified Palmer
drought severity index (MPDSI) adopts two pieces
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from the original framework of Palmer (1965), as fol-
lows.

1) The PDSI is based on the water balance equation
and the difference between the actual precipitation
and the climatological estimation of precipitation
under the maximum conditions, which Palmer la-
beled as “climatically appropriate for existing con-
ditions” (CAFEC).

2) The PDSI obeys a first-order differential equation:
the change of the PDSI is proportional to the PDSI
at that time.

The PDSI(ncdc) is based on the climate-division data.
The coarse-resolution data may not be able to take into
account the elevation-dependent changes. To monitor
drought or floods over the western mountain region, a
high-resolution PDSI based on the 32-km RR is desir-
able. Many fields needed to calculate the PDSI such as
evaporation, potential evapotranspiration, total soil
moisture, soil moisture change, and runoff are obtained
directly from the RR. They are self consistent. Many
shortcomings of the PDSI listed above can be cor-
rected.

The procedures to compute the MPDSI are outlined
in section 2. The normalization procedures proposed by
Palmer (1965) will be modified. The comparison with
the PDSI(ncdc) and SPI is given in section 3. Conclu-
sions are given in section 4.

2. The MPDSI

a. The regional-reanalysis products

The NCEP regional-reanalysis model is the NCEP
operational Eta Model version of 2003. The horizontal
grid spacing is 32 km, and there are 45 layers in the
vertical direction (Mesinger et al. 2006). The data are
archived on the Eta Advanced Weather Interactive
Processing System grid, and this grid is used for the
MPDSI. The RR has the “Noah” LSM as a subcompo-
nent. The description of the Noah LSM and evaluation
can be found in Ek et al. (2003) and Mitchell et al.
(2004). In the Noah LSM, there are four soil layers. It
has improvements to surface runoff and infiltration
(Schaake et al. 1996), bare soil evaporation, vegetation
phenology (Betts et al. 1997), and surface thermal
roughness length (Chen et al. 1996, 1997). The evapo-
transpiration is the sum of transpiration from the plant
canopy, bare soil evaporation, and direct evaporation
of canopy intercepted water (Chen et al. 1996, Betts et
al. 1997). From 1997 onward, the bare soil evaporation
is based on Mahfouf and Noilhan (1991) with a modi-
fication to take into account the large gradients in soil
moisture near the surface (Ek et al. 2003). For the cold
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season, the new snowpack and frozen soil physics im-
prove the low-level temperature and surface heating
(Ek et al. 2003; Koren et al. 1999).

Input data for the RR were discussed in Shafran et al.
(2004) and Mesinger et al. (2006). One important as-
pect of the RR is that the RR assimilates precipitation
over the United States and Mexico. Over land, the ma-
jor precipitation data source is the daily rain gauge data
interpolated to a 1° grid using a Cressman scheme
(Cressman 1959). This dataset covers the United States
and Mexico (Higgins et al. 2000). Over the United
States, precipitation P also has the Parameter-Eleva-
tion Regressions on Independent Slopes Model (PRISM)
adjustment. Therefore, P is more realistic over the
western mountains. The intercomparison and evalua-
tion of the Noah LDAS and other LDAS products can
be found in Robock et al. (2003), Lohmann et al.
(2004), and Schaake et al. (2004). Fan et al. (2006) in-
tercompared soil moisture products from many LDAS
and simple models.

b. Precipitation deviation from the CAFEC

In this paper, the MPDSI is based on monthly means
of the RR products for the base period from 1979 to
2004. The long-term monthly means and maxima are
calculated using data from the same base period. The
same definition and procedures can be applied to other
time scales and to any NLDAS products. As with the
Palmer (1965) model, the MPDSI estimates the depar-
ture of P from the CAFEC:

d =P — CAFEC, where (1)
CAFEC = oPE + BPR + yPRO — 8PL, ()

PE is the potential evapotranspiration, PR is the poten-
tial recharge, PRO is the potential runoff, and PL is the
potential soil moisture loss defined as the soil moisture
loss when there is no P. These are measurements of
maximum conditions that could exist.

The coefficients «, B, v, and 8 are means for each
month averaged over the base period. For example,

a = ET/PE, &)

where ET is the evapotranspiration and the overbar
denotes the long-term monthly mean from 1979 to
2004. In a similar way, B is the ratio of mean recharge
divided by mean potential recharge PR, v is the ratio of
mean runoff divided by mean potential runoff PRO,
and 8 is the ratio of mean moisture loss divided by
mean potential moisture loss PL.

Palmer (1965) estimated PE based on Thornthwaite’s
(1948) formula, which is a function of surface tempera-
ture only. The MPDSI uses the PE from the RR. There
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are large differences between the two (Fig. 1). Both
PEs capture the seasonal cycle. Large values extend
northward from winter to summer and reach a maxi-
mum in July and then retreat southward from summer
to winter. The maximum is located over the Southwest.
However, the PE based on the Thornthwaite formula is
weaker than the RR and lacks the strong east—west
contrast. The mean PE from the RR shows large values
over the West and the Southwest, with two maxima
located over western Texas and California, respec-
tively. In July, the maximum of PE from RR is about 12
mm day ' located in California, whereas the maximum
from the Thornthwaite formula is only 5 mm day .

Monthly mean ET, runoff, soil moisture recharge,
soil moisture loss, and total soil moisture at the begin-
ning of the month are taken directly from the RR ar-
chive. The RR has four layers of soil, and the total
thickness is 200 cm. The total soil moisture includes
both liquid and frozen form from the ground surface
down to 200-cm depth. The potential recharge PR is
defined as the soil moisture needed to bring soil to the
total soil moisture maximum, taken to be the maximum
of the total soil moisture from 0 to 200 cm (S,,.,) at
each grid point for each calendar month calculated
from the base record.

The potential recharge PR for each month is defined as

PR = S, — S, )

max

where S’ is the total soil moisture at the beginning of
the month. The potential soil moisture loss PL is taken as

PL = min(PE, §’). (5)

Palmer (1965) assumed that the potential precipita-
tion is equal to AWC; thus, the potential runoff PRO =
S’ or the difference between AWC and PR. The prob-
lem with this formulation is that there is no relationship
between P and AWC. Precipitation depends on the ver-
tically integrated moisture convergence and evapora-
tion. The moisture fluxes are calculated from the atmo-
spheric circulation. They are available from the RR, but
they are generally absent from most NLDAS products.
The MPDSI should be applied to the NLDAS as well as
the RR. Therefore, the potential precipitation is taken
as the maximum precipitation P,,,, at each grid point
for each calendar month. The potential runoff is the
difference between the maximum precipitation and the
potential recharge:

PRO = P, — PR. (6)

There is no need to use the two soil layers and the
AWC. This approach addresses many concerns of the
original PDSIL.

CAFEC and d were calculated for each month from
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FI1G. 1. The evapotranspiration (PE) for (a) May, (b) July, and (c) September averaged for the period of 1979-2004 based on the
Thornthwaite formula. Contour interval is 1 mm day~'. Values greater than 3 (5) mm day ! are shaded light (dark), (d)-(f) Same as
(a)—(c), but from the RR. Values greater than 7 (10) mm day ' are shaded light (dark).

1979 to 2004 using the equations listed above. To up-
date the MPDSI, the maxima and long-term means
should be calculated using the same base period to as-
sume that the long-term mean of d averaged over the
base period is close to zero. To be able to compare the
MPDSI over different regions and months, normaliza-
tion is needed.

c¢. Normalization: Procedures and calibration

To take into account regional differences, d is
weighted by a factor K:

Z = dK, (7

where Z is called the moisture anomaly index. Palmer
(1965) obtained K empirically based on stations in Iowa
and Kansas under drought conditions. He defined cali-
bration factor K for each month i as

constl
K@) =K'()] =— |, where (8)
> DHK'()
i=1
(i) =1.51log T + 2. i @@ | +0.5,

©)
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F1G. 2. The normalization factor K calculated based on Palmer (1965) for (a) January, (b) March, (c) May, (d) July, (e) September,
and (f) November. Contour interval is 1 dimensionless unit, with contour 1.5 added. Values greater than 2 are shaded.

where R is the recharge, RO is the runoff, L is the
moisture loss, P is precipitation, and D (i) is the monthly
mean of the absolute values of d for month i. The over-
bar denotes the mean for the base period. Palmer esti-
mated constl = 17.67 as the normalization factor based
on the sum

12
> DOK'G)
i=1

averaged over nine stations over the Great Plains dur-
ing drought conditions.
The K factors for selected months based on Egs. (8)

and (9) using the RR data are given in Fig. 2. There is
a large east—west contrast. The K values are near 1 over
the central and eastern United States. Large values are
located over the western United States, with maxima of
approximately 5-6 near the boundary between the
United States and Mexico. Over the mountains, the
influence of orography is apparent. The K estimated
this way is qualitatively consistent with the estimate
given by Karl (1983, his Fig. 3) using state temperature
and precipitation data from 1885 to 1981. The most
striking feature is that there is very little seasonal de-
pendence.

The weak seasonal dependence of K allows us to
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where D g, ougne 1S the sum of d for months under
drought conditions. Therefore, Dy ouen can be esti-
mated as the composite of d at each grid point during
droughts, and const2 is the normalization constant; K
can be applied to all months.

To identify a drought, the SPI for 6-month mean
precipitation (SP16) was used. SPI6 from 1948 to 2004
was computed using the gauge-based P analysis (Hig-
gins et al. 2000). That is the same dataset used in the
RR data input. The longer dataset gives more stable
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FIG. 3. (a) Mean D, ,y.n averaged over drought conditions
based on SPI6. Contour interval is 10 mm. Values less than —40
(—60) mm are shaded light (dark). (b) The K factor before cali-
bration. Contour interval is 1 dimensionless unit. Values greater
than 2 are shaded. (c) Same as (b), but after calibration. (d) The
frequency (percent) of time that the MDSI is equal or below
—4.0 at each grid point before calibration. Contour interval is 10,
with contour 5 added. Values greater than 5 (20) are shaded light
(dark). (e) Same as (d), but after calibration.

results. The criterion for drought is when the SPI6 is
less than —1 (McKee et al. 1993, 1995). We formed the
composite Dy,quene at €ach grid point by averaging d for
months for which the SPI6 is below —1. The D g ougnt
map shows large negative values over the central
United States and the Pacific Northwest and small
negative values over the western and mountain areas
(Fig. 3a). Following the method of Palmer (1965), we
set K equal to 1 over the central and eastern United
States (32°—48°N, 75°-100°W) to obtain the normaliza-
tion constant const2 = —39.76. Then K can be obtained
at each grid point from Eq. (10) (Fig. 3b). The pattern
of K obtained this way is similar to the K factors from
Fig. 2. They all show a strong east-west contrast. As
noted earlier, large values of K are located over the
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western mountain region, with maxima between the
Southwest and Mexico.

Moisture anomaly index Z can be obtained from Eq.
(7). After obtaining Z, the MPDSI is defined in the
same way as Palmer (1965):

MPDSI, = MPDSI,_, + Z(i)/3 — ¢cMPDSI,_,

or

MPDSI; = (1 — ¢)MPDSI,_; + Z(i)/3, (11)
where ¢ is a constant. Equation (11) indicates that the
change of PDSI is proportional to PDSI. Therefore,
(1 = ¢) can be estimated by the autocorrelation at lag 1.
We calculated (1 — ¢) at each grid point by pooling all
data together, and it had values between 0.83 and 0.94,
which is close to Palmer’s 0.897. For simplicity, Palm-
er’s original value ¢ = 0.103 is used.

The MPDSI obtained this way has the mean equal to
zero and obeys the normal distribution. However, the
range of values may not necessarily be between —4 and
4 as Palmer (1965) had defined. Figure 3d plots the
frequency (percentage of months) at which the MPDSI
shows an extreme drought at each grid point (MPDSI
equal to or less than —4). Over the central and eastern
regions, the percentage is less than 5%. However, over
the western mountain region and northern Mexico, the
percentage is about 10%-20%, which is too high. Wells
et al. (2004) suggested that the extreme MPDSI values
should be within 2% (98%) of the distribution. There-
fore, the calibration suggested by Wells et al. (2004) is
needed. The MPDSI calculated above serves only as
the first estimate.

Based on the first estimate of the MPDSI, the cali-
bration factor K is adjusted to require that the percen-
tile of extreme events be within 2% (98%). The ex-
treme events are defined as PDSI below —4 (above +4)
for dry (wet) cases. After obtaining the new K factor,
we then calculated the Z and MPDSI again based on
the new K.

Wells et al. (2004) calibrated each climate division
separately. Our record is too short to obtain a stable
distribution function at each grid point to calibrate K.
Here, the regional differences have already been taken
into account through the Dy, oygn term, which allows us
to pool all grid points together. We request that the
frequency of extreme drought over the United States
(30°-48°N, 60°-125°W over land) is close to 2% to ob-
tain the new K factor (Fig. 3c). The comparison be-
tween the K factors before (Fig. 3b) and after calibra-
tion (Fig. 3c) indicates that the patterns are similar, and
both show large east-west contrast. Both K factors are
near 1 over the central and eastern United States and
are larger than that over the western mountain regions.
The K after calibration shows smaller values over the
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western region. Maxima are still located over the
boundary of the United States and Mexico, but the
values are smaller. After calibration, the frequency of
extreme dry events is less than 5% over most areas (Fig.
3e), down from 10%-20% before calibration (Fig. 3d).

The K factor is not sensitive to the SPI used after
calibration. The Dy, ouene and K factor are computed
based on SPI6 (Figs. 3a,b). If the SPI for 12-month
mean precipitation (SPI12) time series is used instead
of SPI6, the first estimated pattern for D 4;ougn, is simi-
lar, and values and const2 are both smaller. After cali-
bration following the same procedures listed above, the
K factor based on SPI12 (not shown) is very similar to
the K factor based on SPI6. This result indicates that
the calibration decreases the spatial uncertainties of K.
The new normalization procedures are simple and are
based on grid points rather than a few stations. The new
K factor (Fig. 3c) then was used to renormalize Z [Eq.
(7)], and the final MPDSI can be recalculated from Eq.
(11).

3. MPDSI in comparison with the PDSI(ncdc) and
SPI

Palmer (1965) calibrated the PDSI during drought
conditions, but he expected that the index is also rep-
resentative for floods. The distribution function for
MPDSI can be obtained by pooling all months and grid
points over the United States together (Fig. 4a). The
distribution is Gaussian. We also computed separate
distribution functions using data over different re-
gions—for example, the western region (west of
100°W) and eastern region (east of 100°W). The distri-
bution functions for both regions are Gaussian, which
implies that the MPDSI can be used to monitor floods
as well as droughts.

Figure 4b shows the correlation between MPDSI and
PDSI(ncdc) for the period from 1979 to 2004 with all
months pooled together. The PDSI(ncdc) is from 344
U.S. climate divisions, and the MPDSI is on the RR
grid. To compute correlation, MPDSI was interpolated
to the center point of each climate division before cal-
culating the correlation. This approximation may lower
the correlations. For most places, the correlation is
above 0.6. Values lower than 0.6 (shaded) are located
over the Ohio Valley, Tennessee, western Montana,
and along the coasts. Some differences are due to the
differences in P. The 3-month means of P follow a nor-
mal distribution. We calculated correlation between
3-month P means from the climate divisions and the
corresponding P from the RR interpolated to the cen-
ter point of each climate division (Fig. 4c). Again, the
correlation is above 0.6 except for the shaded regions.
There is a remarkable correspondence between the two
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FIG. 4. (a) Distribution function of the MPDSI with all data pooled together. (b) Correlation between the MPDSI and PDSI(ncdc)
for the period of 1979-2004. Contour interval is 0.1. Values less than 0.6 are shaded. (c) Same as (b), but for the correlation between
P from the RR and P from the climate divisions. (d) Standard deviation of the total soil moisture. Contour interval is 40 mm. Values

greater than 80 mm are shaded.

correlation maps (Figs. 4b,c). Low correlations between
the MPDSI and PDSI(ncdc) occur mostly over the
regions in which the correlations between the P
datasets are themselves low. In addition to P, soil mois-
ture has a larger contribution to the MPDSI than to the
PDSI(ncdc) because soil conditions are not directly
used in calculating PDSI(ncdc). Figure 4d shows the
standard deviation of monthly mean total soil moisture
for all months together. Large values are over the
mountain regions during the winter months. These re-
gions (shaded) are the areas for which soil moisture has
larger contribution to the MPDSI.

Figure 5 shows the comparison between the MPDSI
(plus signs) and the PDSI(ncdc) (solid line) averaged
over six regions: the Pacific Northwest (PNW; 42°-
48°N, 115°-125°W), California (32°-40°N, 115°-
125°W), the mountain region (37°—45°N, 105°-115°W),
the Ohio Valley (35°-42°N, 80°-90°W), the southern
plains (32°-36°N, 90°~100°W), and Arizona and New
Mexico (AZNM; 32°-36°N, 107°-113°W).

Overall, the MPDSI corresponds well to PDSI(ncdc).
However, the details differ. For example, MPDSI has

lower values over California during droughts in the
early 1990s (Fig. 5b). Large differences also exist over
the western mountain areas (Fig. 5c¢). Although both
indices indicate long-lasting drought conditions from
2000 to 2003, the PDSI(ncdc) suggests that the drought
is two or three categories more severe than that indi-
cated by the MPDSI. The differences are likely caused
by the differences in P and contributions from soil
moisture (Figs. 4c,d). The RR assimilates P with the
PRISM adjustment and soil moisture includes both lig-
uid and frozen form. Over the West, P from the RR
should be more representative. The largest discrepancy
also occurs in the Ohio Valley, where the MPDSI and
the PDSI(ncdc) have opposite signs from 1989 to 1990
and the MPDSI is two or three categories lower than
the PDSI(ncdc) from 2000 to 2002. We will return to
this point later.

The dataset is too short to study the drought duration
and onset. To compare the spatial patterns of drought,
composites (Fig. 6) of MPDSI and PDSI(ncdc) were
made based on SPI6. SPI6 was computed based on P
averaged over the six regions defined above. For each
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Fi1G. 5. The PDSI(ncdc) (solid line) and the MPDSI (plus signs) from January 1979 to December 2004, averaged over (a) the PNW
(42°-48°N, 115°-125°W), (b) California (32°-40°N, 115°~125°W over land), the mountain region (37°-45°N, 105°-115°W), (d) the Ohio
Valley (35°-42°N, 80°~90°W), (e) the southern plains (32°~36°N, 90°~105°W), and (f) AZNM (32°-36°N, 107°-113°W).

region, composites for MPDSI and PDSI(ncdc) for the
United States were made for months for which SPI6 is
below or equal —1. We counted months for which both
SPI6 and MPDSI indicate drought (SPI6 is below —1
and MPDSI is below —2) at each grid point. The light
(dark) shading indicates that there are more than 50%
(70%) of the cases in the composite for which both the
MPDSI and SPI6 indicate drought. The same shading is
also applied to the PDSI(ncdc). The composites for
MPDSI and PDSI(ncdc) over the Pacific Northwest,
the southern plains, and the Ohio Valley are given in
Fig. 6 as examples.

For the PNW, both MPDSI (Fig. 6d) and PDSI(ncdc)
(Fig. 6a) indicate that drought over the PNW often
spreads to Idaho. The advantage of the MPDSI’s fine

resolution over the mountain regions is evident (Fig.
6d). The PDSI(ncdc) is based on much coarser climate-
division data (Fig. 6a) and lacks the orographically re-
lated features. The MPDSI also indicates that dryness
over the Northwest is often accompanied by dryness
over the Ohio Valley, consistent with the composite
over the Ohio Valley (Fig. 6f).

For the southern plains, MPDSI (Fig. 6¢) detects
drought with values less than —2, consistent with SPI6.
There are some cases in which PDSI(ncdc) (Fig. 6b) has
values below —2 (light shading), but the mean is near
—1, which can only be considered as mild drought.
Over the Ohio Valley, both PDSI(ncdc) (Fig. 6¢) and
MPDSI (Fig. 6f) show drought, with indices below —2
accompanied by dryness over the West (Figs. 6d,f).
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Overall, both indices show drought conditions over the
Ohio Valley as expected. This suggests that the discrep-
ancies between the two indices over the Ohio Valley
are largely due to the wet events.

Both Fig. 5 and correlation map (Fig. 4b) show that
the largest differences between the two PDSIs are over
the western region and the Ohio Valley. To elaborate
this point we compare the MPDSI, PDSI(ncdc), and
SPI6 for the water cycle year 1990 (from October 1989
to September 1990; Fig. 7) and 2002 (from October
2001 to September 2002; Fig. 8). These two years were
chosen because the largest differences between two in-
dices over the Ohio Valley occurred in 1990 (Figs. 5 and
6) and there was an exceptionally severe drought in the
western United States during 2002.

For the water cycle year 1990 over the Ohio Valley,
the mean maps of both indices (Figs. 7a,d) show
drought over the western states and so does the SPI6.
The largest differences between two indices are that 1)
the PDSI(ncdc) shows wet conditions over the Ohio
Valley with PDSI greater than 2 but the wet conditions
indicated by the MPDSI are confined in Georgia and
2), over the Midwest, the MPDSI shows drought over
Wisconsin and Illinois, whereas the PDSI(ncdc) shows
normal conditions.

The SPI6 is only 0.5 over the Ohio Valley, which does
not correspond to wet events. The precipitation maps
(Figs. 7e,f) both show weak anomalies and there are no
large positive anomalies over the Ohio Valley. The dif-
ferences over the Midwest are due mainly to the nega-
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Fi1G. 7. (a) PDSI(ncdc) averaged for October 1989-September 1990. Contour interval is 1, with the 0, 1, and —1 contours omitted.
Values less than —2 (—4) are shaded light (dark). (b) Same as (a), but for SPI6. Contour interval is 0.5. Values less than —0.5 (—1) are
shaded light (dark). (c) Same as (b), but for normalized soil moisture anomaly from 0 to 200 cm. Contour interval is 0.8. Values less
than —0.8 (—1.6) are shaded light (dark). (d) Same as (a), but for the MPDSI. (¢) Same as (c), but for normalized precipitation anomaly
from the RR. Contour interval is 0.3. Values less than —0.3 (—0.6) are shaded light (dark). (f) Same as (e), but for the normalized P
anomaly from the climate-division data.

tive soil moisture anomalies (Fig. 7c), which contribute ing from the Southwest to Utah, Nevada, and Oregon.
to higher negative MPDSI values in that region. Soil The PDSI(ncdc) also shows severe drought over the
moisture anomalies also contribute to the major differ- Northwest, including Montana and Wyoming, whereas
ences between MPDSI and PDSI(ncdc) over the Ohio  the MPDSI shows that these areas are already recov-
Valley from June to September 1990 (not shown). ering from the drought conditions. Over the East Coast
Overall for the water cycle year 2002, both indices states, the MPDSI indicates more severe drought con-
indicate severe drought over the western United States  ditions and extends them to the Northeast up to Maine,
and the eastern coastal states, separated by relative where the values indicated by the PDSI(ncdc) are
wetness over the Ohio Valley (Figs. 8a,d). The pat- lower.
terns are similar but the magnitudes differ. Both Some differences arise from the differences in pre-
MPDSI and PDSI(ncdc) show severe drought extend- cipitation. The normalized P anomalies from the RR
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Fi1G. 8. Same as Fig. 7, but from October 2001 to September 2002.

and the climate-division data are shown in Figs. 8e and
8f, respectively. Both the means and standard devia-
tions were computed using the same base period of
1979-2004. Both P anomalies show large negative
anomalies over the Southwest and the East Coast states
and positive anomalies over the Ohio Valley. The P
anomalies from the RR (Fig. 8¢) are positive over west-
ern Montana and Wyoming, consistent with the SPI6
mean (Fig. 8b). There, features are absent in the cli-
mate-division data. The P anomalies from the RR are
close to the gauge data because the RR assimilates P.
The MPDSI also shows more severe drought over the
East Coast and extends to the Northeast where the
negative soil moisture anomalies are located (Fig. 8c),
because the MPDSI weights soil moisture more heavily
than does the PDSI(ncdc).

4. Conclusions

We have presented a high-resolution modified
Palmer drought severity index based on the North
American Regional Reanalysis products. Because the
original PDSI is still used in the research and agricul-
ture community, the modified version of that index is
based on the same framework as was proposed by
Palmer (1965), but without the major deficiencies noted
in the original index.

Many have recently questioned the very need and the
utility of the original formulation of PDSI (developed
using limited datasets) during an age in which more
data from the NLDAS and RR are available. The PDSI
is still a commonly used index for drought and is ac-
cepted in the research and agriculture community. The
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PDSI(ncdc) extends to early periods when only P and
temperature records are available. This is the major
reason that we adopt many assumptions used by the
PDSI. For example, the water balance equation and the
difference between P and the climatologically expected
P over the maximum conditions are preserved. The
other assumptions invoked by Palmer (1965) are no
longer needed, however. The shortcomings usually at-
tributed to the original Palmer index as listed in the
introduction are addressed in the following way in the
new MPDSI:

1) Fields such as evapotranspiration, potential evapo-
transpiration, runoff, total soil moisture, and total
soil moisture are taken directly from the RR. The
Thornthwaite estimation is no longer used.

2) There is no need to use the two-layer soil model and
the available water capacity. The potential recharge
is defined as the total soil moisture needed to reach
maximum total soil moisture at each grid point for
each calendar month.

3) Because the soil moisture taken from the RR in-
cludes both solid and liquid form, the contribution
of snowmelt is taken into account inexplicitly.

4) Means, maxima of variables, and normalization are
now calculated separately at each grid point based
on the entire dataset. Station data were not used.
The RR has 32-km resolution and covers Mexico.

5) The potential precipitation is defined as the maxi-
mum precipitation at each grid point for a given
calendar month. This estimation may not be the best
one, but is better than using AWC. Another possi-
bility is to estimate it from the vertically integrated
moisture divergence and evaporation. The moisture
fluxes are available from the atmospheric circulation
and may not be available from most NLDAS prod-
ucts.

Overall, the MPDSI is fairly similar to the PDSI(ncdc).
Because the RR has 32-km horizontal resolution, many
orographically related features over the western re-
gion can now be better resolved. Because all variables
are taken from the RR, they also have internal con-
sistency. Many differences between the MPDSI and
the PDSI(ncdc) arise from the differences in P. The
RR assimilates P with the PRISM adjustment; there-
fore, P may be more representative than the climate-
division P. The MPDSI also weights the contribution
from soil moisture information more heavily than does
PDSI(ncdc). We need to recognize that soil moisture,
ET, and PE are model dependent. The MPDSI can be
computed using LDAS products as along as they in-
clude the needed variables. When more NLDAS prod-
ucts are available, the intercomparison of the MPDSI
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calculated from different NLDAS products will address
the uncertainties of the MPDSI. The MPDSI presented
here is calculated using monthly means from the RR-
based products. The calculation can also be easily ex-
tended to different time scales.

Drought is a complicated natural phenomenon and it
affects people and the economy in so many different
ways. Because the “same drought” implies many differ-
ent things to different people, it is no wonder that it still
eludes a unique definition. Hence, to monitor drought,
more than one (measure) index is needed. The soil
moisture at all layers, streamflow, P, snow information,
and energetic terms are all important aspects of
drought.
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