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Abstract in this study, a statistical method is developed to generate probabilistic forecasts of U.S. Drought
Monitor (USDM)-depicted drought intensification over two-, four-, and six-week time periods using recent
observations and forecast model output from the Climate Forecasting System (CFS). The predictors used
include weekly anomalies in precipitation, potential evapotranspiration, dew point depression, and soil
moisture computed over different time lags. A comparison between the baseline skill obtained using recent
observations only and the skill obtained by adding CFS forecast fields as predictors shows that the inclusion of
CFS model output leads to only a very modest increase in skill (about 14% increase in variance explained
over the central and eastern United States). An analysis of this result reveals that the small increase in skill is
due to limited skill in the CFS forecasts themselves, rather than to a time delay in the USDM response to
conditions on the ground. Perfect model experiments also show that not all forecast lead times are equally
important. For example, in the upper Midwest and western United States, the first two weeks account for at
least two thirds of the total realizable skill for a four-week forecast.

Plain Language Summary Among the most damaging droughts are those that develop very
rapidly because they provide less time to prepare or make decisions. In this study, we develop a
methodology to forecast these rapidly evolving flash droughts using information from a combination of
recent weather observations and seasonal climate model forecasts.

1. Introduction

Drought is a natural form of climate variability that has destructive impacts on agriculture (Hatfield et al.,
2011; Mallya et al., 2013; Zhang et al., 2014), water resources (Shukla et al., 2015; van Dijk et al., 2013), human
health (Pappagianis, 1994; Park et al., 2005; Stanke et al., 2013), and natural ecosystems (Bond et al., 2008;
Bréda et al., 2006; Humphries & Baldwin, 2003; van Dijk et al., 2013). Because of the wide range of different
impacts, precisely defining drought has proven to be difficult (Hayes et al., 2011; Vicente-Serrano et al,,
2012). In the United States, one of the most comprehensive drought indices is the U.S. Drought Monitor
(USDM; Svoboda et al., 2002). The USDM is created each week through expert synthesis of numerous data
sources, including surface streamflow, soil moisture, rainfall anomalies, temperature anomalies, and crop
and range conditions. In the USDM, each location is classified into one of six categories ranging from wet
to dry: no drought, abnormally dry (D0), and moderate (D1), severe (D2), extreme (D3), and exceptional
(D4) droughts.

Droughts have a large range of intensities, durations, and rates of evolution. Among the most damaging
droughts are those that develop very rapidly (e.g., Ford & Labosier, 2017; Hunt et al,, 2014; Mozny et al.,
2012; Otkin et al., 2013, 2018; Svoboda et al., 2002) because they provide less time for stakeholders to imple-
ment proactive measures in a timely manner. Such flash droughts have traditionally received less attention in
drought forecasts, which tend to focus on seasonal time scales. Hence, there is a pressing need for drought
warning systems on subseasonal time scales with frequent updates. A promising approach to subseasonal
drought forecasting is the use of short-term temporal tendencies in drought indices to identify regions with
increased likelihood of drought. For example, Otkin et al. (2013, 2015) produced skillful USDM forecasts using a
newly proposed Rapid Change Index, which is based on the temporal tendency of the Evaporative Stress Index
(ESI; Anderson et al., 1997; Anderson, Kustas, & Norman, 2007; Anderson et al., 2011). Similarly, Ford et al. (2015)
show that anomalies in observed soil moisture often precede the development of drought in Oklahoma.
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Recently, Lorenz et al. (2017a, 2017b) developed a probabilistic statistical forecasting methodology that uses
recent anomalies in precipitation, ESI, and modeled soil moisture to predict the probability of USDM inten-
sification occurring over subseasonal time scales. In this paper, we extend the results of Lorenz et al. (2017a,
2017b) by including forecasts of drought-related fields from the North American Multi-Model Ensemble
(NMME; Kirtman et al., 2014). The NMME has been used to forecast future drought (Yuan and Wood,
2013; Mo and Lyon, 2015; Thober et al., 2015); however, this guidance has typically been applied to seasonal
time scales. In this paper, the Climate Forecast System version 2 (CFSv2) component of the NMME will be
used to predict drought intensification at two-, four-, and six-week time scales through an extension of
the statistical methodology of Lorenz et al. (2017a, 2017b). One advantage of this methodology is that
the current and past observations can be combined with CFS forecasts into a single USDM intensification
probability that takes into account both sources of predictability. We begin by discussing the statistical
methodology, and the data and model inputs. Second, baseline USDM predictions using recent observa-
tions only are compared with predictions that also include fields from the CFS. Next, we analyze the source
of skill and the potential for further improvement. Finally, we summarize the results and discuss the highest
priority directions for future work that will likely have the most positive impact on forecasting changes in the
USDM or other drought metrics.

2, Methodology

A detailed description of the statistical methodology to predict USDM-depicted drought intensification is
given in Lorenz et al. (2017a, 2017b). In this paper, forecast fields from the CFS are used as predictors to
improve the accuracy of the USDM predictions in Lorenz et al. (2017b). A summary of the most relevant parts
of the methodology are given here.

Because the USDM drought depiction is represented by discrete values, a straightforward methodology such
as standard linear regression is not appropriate. Therefore, we use logistic regression to predict a binary vari-
able that takes the value 1 if the USDM is more intense in n weeks and 0 otherwise. In this paper, n is two, four,
or six weeks. The predictors for the logistic regression include weekly composites of precipitation, potential
evapotranspiration (PET), dew point depression, and topsoil moisture (0-10 cm). All predictors are standar-
dized prior to the logistic regression. Instead of using only one predictor for each variable, we implement a
range of different weekly time lags as separate predictors. For example, in Lorenz et al. (2017b), precipitation
accumulation over the most recent week as well as weekly composites for one, two, and three weeks prior is
used as separate individual predictors. In this paper, this same set of current and past weekly composites is
used (i.e, weeks 0, —1, —2 and —3, where negative corresponds to the past); however, we now add additional
weekly composites of future conditions as forecasted by the CFS. For an n week USDM forecast, we use n
additional predictors per variable: one for each week from 1 to n in the future. For example, for the two-week
USDM forecasts, each variable has six total predictor time lags for —3, —2, —1, 0, 1, and 2 weeks relative to the
present time. This scheme allows the data to choose the optimal weighting in time, or equivalently, the data
chooses the optimal time scale for averaging each predictor.

In this study, as in Lorenz et al. (2017b), standard logistic regression is modified so that the regression coeffi-
cients multiplying the predictors are constrained to be nonnegative using Non-Negative Logistic Regression
(NNLR). The advantage of NNLR is found in its regularization properties (Meinshausen, 2013; Slawski & Hein,
2013), which penalize excessive complexity (i.e., large positive and negative coefficients whose effects mostly
cancel), and therefore, NNLR almost always shows better skill on independent data compared to standard lin-
ear regression. Moreover, NNLR is easy to apply for drought prediction because the sign of the true, physically
based coefficients is known a priori. Note that if the physically based coefficient is negative, simply multiply
the predictor by —1. With many predictors, NNLR regression will result in nonzero weights for a subset of the
predictors and the rest of the weights will be exactly zero. Hence, NNLR is able to discard unimportant or
redundant variables. See Lorenz et al. (2017a, 2017b) for more details.

A key finding of Lorenz et al. (2017b) is that including information on how far the current USDM state is from
next higher or lower drought category helps improve skill significantly. This USDM state variable is used as an
additional predictor for the logistic regression in this paper as well. The USDM state variable is calculated in
exactly the same way as in Lorenz et al. (2017b) except it is extended through the year 2016. We do not dis-
cuss this aspect of the methodology further because it is independent of the use of CFS forecasts, which is the
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subject of this paper. Also, we use the (cross-validated) climatological intensification probability as a predictor
as well (Lorenz et al., 2017b). This predictor is useful if the USDM is more likely to intensify during a particular
time of year compared to other times. All skill scores shown below are cross validated: we incrementally leave
one year out of the fit and then test predictions on that year.

3. Observed and CFS Forecast Data

The weekly USDM classifies conditions into six categories based on expert synthesis of numerous data
sources (Svoboda et al,, 2002). The six categories from wettest to driest are no drought, abnormally dry
(D0), moderate drought (D1), severe drought (D2), extreme drought (D3), and exceptional drought (D4)
and are based on a ranking percentile classification scheme.

The predictors in this study have been modified from Lorenz et al. (2017b): the predictor variables are
restricted to those available as CFS NMME output. For example, the ESI (Anderson, Norman, et al.,, 2007) is
a satellite-based drought indicator, based on a surface energy balance model (ALEXI; Anderson et al., 1997)
driven by changes in land surface temperature that is statistically independent to the CFS, and therefore, it
is not used (except for the USDM state predictor; see section 2). The predictors chosen for this study are
weekly mean precipitation, PET, dew point depression, and soil moisture in the top 10 cm of the soil profile.
The PET is calculated using the Penman-type algorithm in Mahrt and Ek (1984). The USDM and all predictors
are gridded to the same 0.12 x 0.12° resolution grid using the methods in Lorenz et al. (2017a).

3.1. Current and Past Data

As shown in Otkin et al. (2014, 2015) and Lorenz et al. (2017b) past anomalies in soil moisture, ET, and preci-
pitation have skill in predicting future USDM intensification. Therefore, we continue to use current and past
anomalies in these variables while also adding CFS-derived predictors of future conditions. Precipitation data
are obtained from the Climate Prediction Center's gridded analysis of daily precipitation reports from
National Weather Service reporting stations and cooperative observers (Higgins et al. 2000). Soil Moisture
(total water mass per area from 0- to 10-cm depth) is taken from the North American Land Data
Assimilation System (NLDAS; Mitchell et al., 2004; Xia et al., 2012). The soil moisture is the ensemble average
value over three NLDAS models: (1) NOAH, (2) MOSAIC, and (3) VIC because this has been shown to more
accurately depict drought conditions (Xia et al., 2014). The top-soil moisture is used instead of the total col-
umn soil moisture because we found it is more highly correlated with USDM intensification (not shown). PET
and dew point depression are taken from the CFS Reanalysis (Saha et al., 2010).

3.2. CFS Forecasts

In this study, the CFS is used because more variables are available in the CFS than other NMME models. Using
lagged correlation analysis between the USDM time tendency and various predictor fields, we found that soil
moisture, PET, and dew point depression were much more highly correlated with USDM change than the
more widely available air temperature fields. This is also consistent with recent studies by Otkin et al.
(2018) and Ford and Labosier (2017), both of whom found stronger relationships between drought develop-
ment and soil moisture, PET, and dew point depression. These variables are only available for the CFS and
therefore only that model is used. The CFS NMME fields are the same as those that are used for current
and past data: precipitation, PET, dew point depression, and 0-10 cm soil moisture.

From 1982 to 2011, four CFS forecasts were initialized at 0, 6, 12, and 18 UTC on every fifth day. After 1999,
four CFS NMME forecasts were made every day; however, we only use forecasts from every fifth day so that
a longer climatology can be used to help reduce model bias. The CFS forecasts are composited into weekly
mean values from Tuesday morning to Tuesday morning (Tuesday morning is the data cutoff time for the
USDM). The data from each of the four model runs produced each day are then averaged together to form
a four-member ensemble-mean. To remove any bias in the mean forecast state, CFS data from 1982 to
2016 are used to form a climatological forecast for each initialization date and forecast lead time. This clima-
tology is then subtracted from the forecasts. Next, values are normalized by the standard deviation to form
standardized forecast anomalies. The longest USDM forecast presented here is for six weeks; therefore, the
maximum CFS lead time is also six weeks plus up to four days to account for the five-day frequency of CFS
forecasts used here.
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Figure 1. (a) Brier Skill Score (BSS) for the baseline four-week USDM intensi-
fication forecasts using current and past data only (no CFS forecasts). (b) As in
(a) but with CFS forecasts fields added as predictors. (c) As in (b) but with

future observations substituted for CFS forecasts. This panel shows potential

predictability possible from a perfect CFS forecast.

4, Results

We begin by focusing on the four-week intensification forecasts and use
the Brier Skill Score (BSS) as our forecast skill metric. The climatological
intensification probability is used as the reference Brier score. The BSS
using only current and past data (Figure 1a) shows highest skill in the
north-central United States, which is consistent with Lorenz et al.
(2017b). Adding four weeks of CFS NMME forecast data to this baseline
forecast, however, leads to only very minor changes in USDM forecast skill
(Figure 1b). As we will show shortly, the skill does tend to increase almost
everywhere; however, the change is minor. There are two possible causes
for the small effect of CFS forecast data: (1) a large portion of the USDM
variability has a delayed response to conditions on the ground; therefore,
very recent changes (i.e., last several weeks) do not yet impact the USDM,
and (2) the CFS forecasts themselves have relatively little skill over these
time scales (four weeks). The first possible cause is consistent with the fact
that current and past information do have skill predicting future USDM
intensification (Figure 1a and Lorenz et al., 2017b and Otkin et al.,, 2014,
2015), but to test this more rigorously a more quantitative approach is
needed. To this end, we will test the second possible cause by substituting
future observations for CFS forecasts in the prediction scheme. We call this
experiment the perfect CFS forecast experiment. The BSS for the perfect
CFS forecast (Figure 1c) is substantially larger than the actual CFS-based
forecasts (Figure 1b); therefore, it appears that the USDM does respond
in real time to conditions on the ground and that poor CFS forecast accu-
racy is the primary reason for the small improvements in BSS going from
Figures 1a and 1b.

Because BSS is a squared measure analogous to the fraction variance
explained, it is useful to average the BSS spatially to get a general,
smoothed sense of the effect of the CFS forecasts. Averaged over the
domain east of 105°W longitude, the BSS for the no CFS, CFS, and perfect
CFS are 10.7%, 12.1%, and 37.7%, respectively. The CFS forecasts lead to a
modest increase in variance explained compared to the baseline (from
10.7% to 12.1%). With a perfect CFS forecast, however, the fraction of var-
iance explained more than triples. Therefore, the majority of the USDM
variance is responding in real time as far as these four-week forecasts
are concerned. Therefore, it is assumed that the limited CFS forecast accu-
racy over subseasonal time scales is the primary cause for the small
improvements, although there is some portion of USDM variability that
is determined by current and past conditions.

Expanding the analysis to include the two- and six-week predictions,
Figure 2 shows the change in BSS going from no-CFS (i.e., baseline) fore-
casts to CFS-based forecasts (Figures 2a-2c) and the change in BSS going
from the CFS-based forecasts to the perfect CFS forecasts (Figures 2d-2f).

The top, middle, and bottom panels show the results for the two-, four-, and six-week forecasts, respectively.
Hence, Figure 2b is the difference between Figures 1b and 1a, and Figure 2e is the difference between

Figures 1c and 1b.

The effect of the CFS forecasts on the USDM skill is small but consistently positive (Figures 2a-2c). The
improvement is largest and most robust for the four-week predictions and least consistently positive for
the six-week predictions. The two-week improvements are almost as much as the four-week improvements
but nevertheless tend to be slightly smaller. The fact that the six-week predictions tend to be less accurate
than the 4-week forecasts on average indicates that the CFS forecast skill degrades at longer lead times.
The two-week predictions, however, do not follow this rule. We believe that the two-week forecasts are
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Figure 2. (a) The change in BSS going from the baseline (i.e. no CFS) two-week forecasts to the CFS-based forecasts. (b) As
in (a) but for the four-week forecasts. (c) As in (a) but for the 6 week forecasts. (d) The change in BSS going from the
CFS-based two-week forecasts to the perfect CFS-based (i.e., future observations) forecasts. (e) As in (d) but for the four-
week forecasts. (f) As in (d) but for the six-week forecasts.

less accurate than the four-week forecasts because the precise timing of the intensification, in both the
USDM and the CFS forecasts, matters more for the two-week predictions. For example, for the four-week
forecast, the USDM can intensify during any of the following four weeks. The two-week forecasts, on the
other hand, have a smaller time window where the intensification can occur and so the precise timing is
more important.

The effect of perfect CFS forecasts (e.g., with actual observations used as the predictors) on USDM intensifica-
tion forecasts in shown in Figures 2d-2f. As expected from Figure 1, the improvements in BSS are much larger
here than for the actual CFS forecasts. In this case, the improvement increases as the forecast lead time
increases from two to six weeks. In this case, the CFS skill degradation at longer forecast lead times is not
an issue. Instead, the timing issue described in the previous paragraph implies that the USDM is easier to fore-
cast at longer lead times because less precision in the timing of the USDM intensification is necessary.

The relative weight of the different predictor variables and predictor lags is shown in Figure 3. Because all
variables are standardized before the logistic regression, the relative size of the regression coefficients (i.e.,
weights) quantifies the relative importance of the different predictors and time lags. To reduce noise, the
regression coefficients are averaged over the domain east of 105°W (longitude of Denver, CO). Because of
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Figure 3. (a) Regression coefficients (i.e., predictor weights) averaged over
the domain east of 105°W for the four-week CFS-based intensification
forecasts. All predictors are standardized prior to the analysis, and therefore,
the relative size of the weights tracks the relative importance of the
predictor. Positive lags are the weights for future CFS forecasted fields and
negative/zero lags are for past and current observations. (b) As in (a) but for
the perfect CFS-based (i.e., future observations) forecasts.

the nonnegativity constraint in the logistic regression (see section 2), there
is no possibility of large negative coefficients canceling large positive coef-
ficients in the area average.

For the CFS-based forecasts, precipitation has the largest weight by far;
however, some of this is due to the fact that the PET, dew point depression,
and soil moisture are more strongly correlated with each other than they
are to precipitation. In other words, the PET, dew point depression, and soil
moisture variables are somewhat redundant, and therefore, the aggregate
weight of these three variables is perhaps a more relevant measure of their
importance. The precipitation weight is largest at zero lag, which means
that the current precipitation is a better predictor of USDM intensification
than the CFS forecast precipitation. The weight for the one-week forecast
(+1) has about the same weight as one-week previous (—1). Beyond two
weeks, there is almost no precipitation weight presumably because the
skill of precipitation forecasts in the CFS degrades substantially at longer
forecast times. The PET, dew point depression, and soil moisture weights
are largest from lag 0 to lag +1, and all these predictors have almost no
weight from past lags (—3 to —1). The fact that the peak weight is shifted
toward positive lags compared to the precipitation suggests that CFS fore-
casts of these variables are more skillful, which is consistent with McEvoy
et al. (2016).

For the perfect CFS forecasts, the weights increase because USDM
forecast skill improves and the weights shift toward positive lags. For
precipitation, the peak weight is at lag +1 and the current week precipita-
tion (lag 0) is smaller than all future weights except possibly lag +4. Unlike
precipitation, PET, dew point depression, and soil moisture have essen-
tially zero weight for current and past time lags. The soil moisture weight
peaks at two weeks, and the PET and dew point depression have
uniformly small weights over all positive time lags. Also interesting is
the fact that the small weights for PET and dew point depression suggest
that they are unimportant once the future soil moisture is known with pre-
cision. The weights for the two and six-week forecasts are similar to the
four-week forecasts (not shown).

The spatial structure of the regression weights is shown in Figure 4. To help
summarize the results, the weights are summed over time lag for each pre-

dictor. Next, we add the weights of the nonprecipitation variables together (dew point depression, PET, and
soil moisture) to better compare their aggregate importance to the more dominant precipitation. For the CFS
forecasts, the precipitation dominates in the Midwest and is also very important through much of the central
and eastern United States (Figure 4a). The other three variables are most important in the western United
States where together they sometimes have more weight than precipitation (for example, the four corners
region; Figure 4b). For the perfect model experiments, the precipitation is by far the most dominant predictor
east of 100°W (Figure 4c). It is only in the western United States that the other predictors become comparable
to or more important than precipitation.

The weights in Figure 3b suggest that the most important forecast times are lags +1 and +2 weeks, which is
encouraging because two-week CFS skill is much more attainable than that at longer lead times. To quantify
the effect of perfect one-week skill on the four-week USDM forecasts, we ran an additional experiment where
we include only one week of future observations and no information at greater time lags (weeks 2, 3, and 4).
We also repeated this experiment but for perfect two-week skill. The change in BSS relative to the CFS based
forecasts is shown in Figures 5a and 5b. These maps should be compared with the change in BSS using the
full four-week of future observations (Figure 2e). For the eastern United States the four-week perfect is sub-
stantially bigger than the one- or two-week perfect; however, as one moves west the difference becomes less
big. To better compare these experiments, the ratio between the one- and four-week experiments is shown
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Figure 4. (a) Precipitation weights summed over all time lags for the four-week CFS forecasts. (b) As in (a) but for the sum of
dew point depression, PET, and soil moisture. (c and d) Same as (a) and (b) but for the perfect model forecasts.
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Figure 5. (a) As in Figure 2e but for only one week of future observations (i.e., no predictors for two, three, and four weeks
into future) instead of four weeks of future observations. (b) As in (a) but for two weeks of future observations. (c) The ratio
of impact of one week of future observations (a) to the impact of four weeks of future observations (Figure 2e) given in
percent. The BSS has been smoothed in order help focus on the large-scale features. (d) Same as (c) but for the ratio of two
to four weeks of future observations.

LORENZ ET AL.

8371



~1
AGU

100 Journal of Geophysical Research: Atmospheres 10.1029/2018JD028880

ADVANCING EARTH
'AND SPACE SCiENCE

Acknowledgments

This work was supported by funds
provided by the NOAA Climate Program
Office’s Modeling, Analysis, Predictions,
and Projections (MAPP) program under
grant NA140AR4310226. The data used
are listed in the references.

in Figure 5c¢. To help show the important large-scale features, the fields are smoothed in space prior to com-
puting the ratio. If all future time lags are equally important, then one expects that the ratio of the one- to the
four-week experiment will be 25%, which is denoted by the absence of shading in the figure. For the northern
and western United States the ratio is larger than 25% suggesting that the first week carries more weight than
later weeks for these regions. Similarly, Figure 5d shows the ratio of the two- to the four-week experiment. In
this case a ratio of 50% implies equal importance, and therefore, ratios near this value have no shading in the
figure. In this case, the first two weeks carry more weight than the later times over an even broader region of
the United States. Focusing on the northern plains where skill is very good (Figure 1c), one sees that the first
two-weeks account for over two thirds of the total realizable skill (Figure 5d). The larger than expected role of
the one- and two-week forecasts suggests that substantial drought forecasting skill is attainable through
improved precipitation forecasts in the CFS.

5. Conclusions

This paper explores the use of CFS NMME forecasts to improve statistical forecasts of USDM intensification at
two, four, and six weeks in the future. First, the baseline USDM forecast skill using current and past anomalies
in precipitation, PET, dew point depression, and soil moisture is computed. Next, future CFS forecasts of the
above predictors are added to the statistical forecasting scheme. While adding CFS forecast data improves
the drought forecasting skill for much the central and eastern United States, the improvements are very mod-
est (about a 14% increase in variance explained on average). Next, we explored whether the modest increase
in USDM skill is due to the modest skill of the CFS forecasts themselves or whether the USDM forecast skill is
more-or-less already determined by current and past conditions because the USDM has a delayed response
to conditions on the ground. In an experiment using future observations rather than CFS forecasts as predic-
tors, it is found that USDM skill more than triples, which suggests that the CFS forecasts are responsible for
the small improvement in skill. Further experiments show that the first two weeks of the CFS forecast have
a larger than expected impact on the four-week USDM forecasts (for the northern and western United
States), suggesting that significant improvement in drought forecasting is attainable.

The relative importance of short-term (i.e., one- and two-week) long-term information even in a perfect fore-
cast scenario suggests that perhaps the most fruitful monthly USDM forecasts would be based on standard
long-range weather forecasting models rather than using output from climate models. Weather forecasting
models have the added benefit of higher resolution and more ensemble members. In addition, the above
results suggest that the USDM forecast skill presented here is limited by the five-day interval between succes-
sive CFS forecasts used here. This means that the latest initialization time is typically not optimal given the
weekly interval of the USDM. For example, sometimes the one-week composite forecast used here is actually
based on a 5- to 12-day CFS forecast. Repeating the analysis including more recent daily CFS reforecasts or,
alternatively, using the Global Ensemble Forecast System (GEFS) might yield substantial improvements.
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