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ABSTRACT

California recently experienced among the worst droughts of the last century, with exceptional precipi-
tation deficits and co-occurring record high temperatures. The dry conditions caused severe water short-
ages in one of the economically most important agricultural regions of the US. It has recently been
hypothesized that anthropogenic warming is increasing the likelihood of such extreme droughts in
California, or more specifically, that warmer temperatures from the enhanced greenhouse effect intensify
drought conditions. However, separating the cause and effect is difficult because the dry conditions lead
to a reduction in evaporative cooling that contributes to the warming. Here we investigate and compare
the forcing of long-term greenhouse-induced warming with the short-term warming during the 2013-
2014 Californian drought. We use the concept of radiative signatures to investigate the source of the
radiative perturbation during the drought, relate the signatures to expected changes due to anthro-
pogenic warming, and assess the cause of warming based on observed changes in the surface energy bal-
ance compared to the period 2001-2012. We found that the recent meteorological drought based on
precipitation deficits was characterised by an increase in incoming shortwave radiation coupled with a
decline in incoming longwave radiation, which contributed to record warm temperatures. In contrast, cli-
mate models project that anthropogenic warming is accompanied by little change in incoming shortwave
but a large increase in incoming longwave radiation. The warming during the drought was associated
with increased incoming shortwave radiation in combination with reduced evaporative cooling from
water deficits, which enhanced surface temperatures and sensible heat transfer to the atmosphere.
Our analyses demonstrate that radiative signatures are a powerful tool to differentiate the source of per-
turbations in the surface energy balance at monthly to seasonal time scales.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

record (NOAA, 2016). The persisting multi-year drought caused
severe water shortages in one of the economically most important

The state of California experienced severe drought conditions
during 2013-2014 that were exceptional during the last century
(Diaz and Wahl, 2015; Mann and Gleick, 2015; Seager et al.,
2015) and paleoclimate reconstructions suggest that it was among
the most severe droughts of the last millennium (Griffin and
Anchukaitis, 2014). The water year (Oct-Sep) 2013 was the 24th
driest year on record since 1896 with precipitation totals of
431 mmyr~!, or —23% below the long-term mean of 1896-2014
(562 mm yr~') (NOAA, 2016). The following water year 2014 was
the 3rd driest with precipitation totals of 315 mm yr~!, or —44%
below average, and the year was also among the warmest on
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agricultural regions of the US and prompted unprecedented state-
wide water restrictions during the drought (AghaKouchak et al.,
2015; Cooley et al., 2015; Howitt et al., 2014).

There is intense socio-economic and scientific interest in all
aspects of the Californian drought. In terms of the underlying
‘cause’, the research to date has focussed on two broad themes.
The first theme analyses the changes in circulation patterns that
are associated with the low precipitation since 2012 (Seager
et al,, 2015; Swain et al., 2016, 2014; Wang et al., 2014). The focus
is to understand the large-scale atmospheric dynamics that are
associated with the low rainfall totals. In essence, this approach
examines the changes in water supply from synoptic-scale atmo-
spheric transport. The second theme focusses on changes in atmo-
spheric demand that are associated with increasing temperatures
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as warmer air can contain more water vapour. This theme relates
to the co-occurrence of dry conditions with warmer temperatures
during specific anomalous events (such as 2013-2014 in Califor-
nia) and as a consequence of anthropogenic warming from increas-
ing atmospheric CO, concentrations (Diffenbaugh et al., 2015;
Williams et al., 2015). The focus is to relate increases in tempera-
ture to potential evapotranspiration (PET), for instance by using
drought metrics such as the Palmer Drought Severity Index (PDSI).
Accordingly, it has been suggested that anthropogenic warming
will increase land surface drying globally (Dai, 2013), although
robust changes in dryness have not been detected for most of the
global land area (Greve et al., 2014) and are likely overestimated
because of simplifications in the original calculation of the PDSI
(Sheffield et al., 2012; Trenberth et al., 2014). In particular, the sim-
plified model for potential evapotranspiration used in the original
PDSI only responds to changes in temperature and does not con-
sider changes in available radiant energy, humidity and wind
speed (Sheffield et al., 2012).

Increasing temperature from anthropogenic warming has been
suggested to have enhanced the recent Californian drought by
increasing PET as calculated using the physically based Penman-
Monteith formulation (Williams et al., 2015). This is apparently
consistent with other research using PET-based approaches that
project increased drying over California during the 21st century,
also largely because of increasing temperature that causes increas-
ing evapotranspiration (Ault et al., 2016; Cook et al., 2015). There
are two key scientific questions arising from this previous work.

First, the PET-based methods use climate model output, but
they do not make the same projections as climate models because
the PET-based methods use different underlying assumptions. The
PET-based methods currently in use implicitly assume that
increasing atmospheric CO, concentrations play no direct role in
controlling the actual evapotranspiration from a wet vegetated
surface (i.e., by setting a constant surface resistance) and are thus
biased towards drying (Roderick et al., 2015). However, over wet
vegetated surfaces we expect that rising CO, concentrations will
increase the surface resistance due to a biological response of veg-
etation to CO, (Roderick et al., 2015). Indeed, comprehensive cli-
mate models do account for the increased resistance due to the
biological effects of CO, over wet vegetated surfaces (Milly and
Dunne, 2016; Swann et al.,, 2016). As a consequence, any PET-
based method that specifies a constant surface resistance for a
wet vegetated surface will generally project a drier future com-
pared to the output from climate models (Milly and Dunne,
2016; Roderick et al., 2015; Swann et al., 2016).

Second, the above-noted PET-based methods do not distinguish
the reason for a change in temperature. For example, the temper-
ature increase observed during drought and the projected temper-
ature increase due to the ongoing accumulation of atmospheric
greenhouse gases are both implicitly assumed to be caused by
the same forcing. However, this is problematic as some of the tem-
perature increase during meteorological drought (i.e., reduced pre-
cipitation) is the result of land-surface feedbacks from reduced
evaporative cooling and increased incoming solar radiation from
reduced cloud cover (Yin et al., 2014). In contrast, the temperature
increase due to greenhouse forcing is projected to be the result of
increased incoming longwave radiation (Arrhenius, 1896) and cli-
mate model projections are consistent with that expectation
(Roderick et al., 2014). Accordingly, the cause of the temperature
increase during a short-term drought is not the same as that due
to long-term anthropogenic forcing, and the hydrological, agricul-
tural and ecological consequences are unlikely to be the same.

A key scientific question related to the observed temperature
increases during the current Californian drought is what part is
due to long-term anthropogenic warming, what part is due to
dynamical circulation change (i.e., synoptic-scale atmospheric

transport), what part is due to reduced precipitation and cloud
cover, and what part of the temperature increase is due to land sur-
face feedbacks from the drought itself. These confounding effects
are complex and cannot be disentangled based on direct observa-
tions. Here we contribute to this scientific challenge by investigat-
ing an approach to determine the ‘cause’ of the warming during
meteorological drought. We examine the observed anomalies in
the surface energy balance during the short-term drought and
compare those with the changes expected because of long-term
anthropogenic forcing. This study focuses on the biosphere-
atmosphere interactions and does not attempt to investigate the
important question of whether long-term anthropogenic forcing
causes short-term perturbations in atmospheric circulation
dynamics that are associated with meteorological drought.

In this study, we use the radiative signature concept (Yin et al.,
2014) to investigate the cause of the warming associated with the
2013-2014 drought in California compared to the period 2001-
2012. Note that our study investigates the cause of temperature
changes during the recent drought while excluding potential
long-term impacts of anthropogenic warming on drought. We
use the CMIP5 model ensemble to characterise changes in the sur-
face energy balance associated with long-term anthropogenic forc-
ing. For the recent drought, we first examine the relation between
precipitation and near-surface air temperature to confirm the
widely reported negative correlation during drought. We then
use observations from the CERES (NASA) satellite-derived surface
radiation database to examine the state-wide radiative signature
of the recent drought and contrast those results with the radiative
signature of warming projected to occur by the end of the 21st cen-
tury. We complement the state-wide results using direct measure-
ments of the heat and mass fluxes from a long-term flux tower at
the Vaira Ranch site located in Central California. We further
extend the radiative signature approach by investigating surface
feedbacks (i.e., changes in net radiation and the partitioning
between latent and sensible heat flux) during the drought at the
flux tower site, and also use satellite remote sensing estimates
from MODIS for the latent heat flux to investigate surface feed-
backs across the entire state. The objectives of this study are to:
(i) use radiative signatures to quantify short-term perturbations
in the surface energy balance during the Californian drought of
2013-2014; (ii) quantify the relative contributions of these pertur-
bations and land-surface feedbacks to the observed warming; and
(iii) to compare the observed surface energy balance perturbations
during drought to perturbations in the surface energy balance
caused by long-term anthropogenic forcing.

2. Data and methods
2.1. Study area

The study area (Fig. 1)' covers three nested levels: (i) the entire
state of California (CA); (ii) the key agricultural region known as the
Central Valley (CV); and (iii) a flux tower site at Vaira Ranch. To
account for the distinct Mediterranean climate of California, all anal-
yses used a monthly basis with separate totals calculated for the wet
(Oct-Apr) and dry (May-Sep) periods and for the water year (WY,
Oct-Sep). We compared the surface energy balance terms for water
years in 2013 and 2014 relative to the decadal mean of 2001-2012
for the state-wide analysis but used a shorter period (2004-2012)
because of reduced data availability for the fluxes measured at the
Vaira Ranch flux tower.

! For interpretation of colour in Figs. 1 to 7, the reader is referred to the web version
of this article.
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Fig. 1. Location of the study areas California (CA), the Central Valley (CV) and the
AmeriFlux eddy covariance tower site at Vaira Ranch.

2.2. Climate and satellite data

Near surface air temperature (T, in °C) and precipitation (P, in
mm) were extracted from the PRISM (Parameter elevation Regres-
sion on Independent Slopes Model, http://www.prism.oregonstate.
edu) statistical mapping system (Daly et al., 2002) at 4 km (0.04°)
spatial resolution from 1895-2014. In addition, we used two addi-
tional databases to verify that the conclusions of the study were
independent of the P and T data source. The Climate Research Unit
(CRU) of the University of East Anglia database (Harris et al., 2014)
(version CRU TS3.22) and the U.S. Climate Divisional Dataset (Vose
et al., 2014) (http://www.ncdc.noaa.gov/cag; thereafter referred to
as NOAA-NCEI) were used as comparison to PRISM across Califor-
nia in the Supporting Information (Table S1).

To establish the radiative signatures of drought (for CA, CV), we
used monthly estimates of radiation fluxes from NASA’s Clouds and
Earth’s Radiant Energy Systems (CERES) program. The CERES data-
base (http://ceres.larc.nasa.gov) contains observation-based esti-
mates of the four surface radiative fluxes (incoming and outgoing
shortwave and longwave) at 1° spatial resolution, available since
March 2000 (Loeb et al., 2012). For the latent heat flux, we used
observationally constrained model estimates of actual evapotran-
spiration (ET, in mm) from the Moderate Resolution Imaging Spec-
troradiometer (MODIS) (Mu et al., 2011) provided at 1 km spatial
resolution by the Numerical Terradynamic Simulation Group at
the  University of Montana  (http://www.ntsg.umt.edu/
project/mod16). Validations of the MODIS ET product across
multiple flux tower sites showed that the mean uncertainties are
about 24% of the ET measured at flux towers, which is within the
range of uncertainties reported for ET flux tower measurements
(Mu et al., 2011).

In addition, we used direct measurements of the surface energy
balance from the AmeriFlux (http://ameriflux.ornl.gov) eddy-
covariance site known as Vaira Ranch (38 °24'24"” N, 120 °57'3",
129 m a.s.l, Fig. 1), located in the Sierra Nevada foothills near the
Central Valley (Baldocchi and Ma, 2013; Ma et al., 2016). Ecosys-
tem fluxes of carbon dioxide, water vapour and energy exchange
along with meteorological variables (e.g. temperature, precipita-
tion, soil moisture, soil temperature, ground heat flux) have been
measured at Vaira Ranch since late 2000, and the four components
of the radiative fluxes since early 2004. The half-hourly data were
quality-filtered and gap-filled according to AmeriFlux standards
(Boden et al., 2013), and were aggregated to monthly, seasonal
and annual time-scales. The energy balance closure at Vaira Ranch
was about 70% and we used the data as observed, i.e. closure was
not forced for our analyses (see e.g. Foken et al., 2012).

To establish the radiative signature associated with long-term
greenhouse forcing we used the Coupled Model Intercomparison
Project Phase 5 (CMIP5) projections for California. We extracted
the multi-model ensemble mean (one member per model, 36-39
models depending on variable) for the Representative Concentra-
tion Pathway (RCP) 8.5, which corresponds to a high greenhouse
gas emissions or ‘business-as-usual’ scenario (Riahi et al., 2011),
for near surface climate (T, P), the four (incoming and outgoing
shortwave and longwave) surface radiative fluxes, the sensible
heat flux (H) and actual ET using the KNMI Climate Explorer
(http://climexp.knmi.nl).

2.3. Theoretical basis

The analysis uses the surface energy balance,
Ry =Rsi—Rso + R —Rio=LE+H+G (1)

where the net radiation (Ry) at the surface is equal to the sum of
incoming and outgoing shortwave (Rs;, Rs,) and longwave (R,
Ry,) surface radiative fluxes, which are balanced by the latent (LE),
sensible (H) and ground heat (G) fluxes (all in W m~2). For California
and the Central Valley, the four radiative fluxes (Rs;j, Rso, Ry, Rio)
were extracted from the CERES database, and LE (W m~2) was
derived from the MODIS ET (mm) estimates using the latent heat
of vaporization (L). We further assumed G was negligible at the
monthly to annual time scale and estimated H for California and
the Central Valley using energy balance (H=Ry—LE; all in
W m~2). All fluxes (including G) were directly measured at Vaira
Ranch.

We refer to the IPCC-based definition of drought as abnormally
dry weather, and meteorological drought as a period with abnor-
mal precipitation deficits (IPCC, 2014). Note that drought in a sta-
tistical sense is an extreme, i.e. a deviation from the prevailing
mean climatic conditions.

2.4. Selection of a suitable baseline for the short- and long-term forcing

To characterise short-term changes in the surface energy bal-
ance due to meteorological drought (2013-2014), we were
restricted to a post-2001 analysis period by the start of the CERES
observational radiation database. We investigated numerous alter-
native baselines (Tables S2-3) and found that the difference
between the drought years (2013-2014) and the decadal mean
2001-2012 produced robust T and P anomalies compared to the
climatological mean of 1981-2010, which represents the current
climatatological mean. The underlying reason was the PRISM T
data showed a slight decrease in T for California (Table S2) for
the 2001-2012 period. This also held in the CRU and NOAA-NCEI
databases and is consistent with reduced warming trends that
were observed globally during the period 1998-2012 (Medhaug
et al., 2017).
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To characterise long-term changes in the surface energy balance
caused by anthropogenic forcing, we use the CMIP5 ensemble and
compare the projection for the years 2089-2100 with the decadal
mean for 2001-2012 to establish the projected pattern of change
caused by anthropogenic forcing.

3. Results
3.1. T and P anomalies during the 2013-2014 California drought

The water years (Oct-Sep) 2013 (+0.4 °C) and 2014 (+1.0 °C)
were both substantially warmer across the entire state of California
than the decadal mean of 15.4 + 0.4 °C (mean + standard deviation,
2001-2012) (Fig. 2d-f, Table 1). Accordingly, the warmer temper-
atures were outside the range of decadal variability during the
water year 2014 (Fig. 2d). The total P anomalies were larger in
2014 (—248 mmyr ') than in 2013 (=91 mm yr~}, Fig. 2a-c) and
the seasonal time course showed that the P anomaly occurred ear-
lier (about Nov-Jan) during the water year 2014 in comparison to
2013 (about Jan-Apr). The water year 2014 P anomaly was also
outside the range of decadal variability (Fig. 2a, see also
Table S3). The results for the Central Valley and for Vaira Ranch
were both broadly similar (Fig. S1) and the results confirm the
widely reported co-occurrence of warm temperatures with low
precipitation totals.

3.2. Radiative signature of drought in 2013 and 2014

In terms of the radiant heating source, we report a reduction in
Ry; in both 2013 and 2014 (Fig. 3a-c) that was more pronounced
during the wet season and more or less followed the time course
of the precipitation anomaly in both 2013 and 2014 (Fig. 2a-c).
Changes in Ry, during drought broadly followed the Ry; during
the wet season but not during the dry season (Fig. 3g-i). For the
other radiant heating source, the incoming shortwave radiation,
we found a large increase in Rs; during drought (about
+10 W m~2 during the wet season in both the 2013 and 2014 water
years) with the seasonal course of the anomaly again roughly fol-
lowing the precipitation anomaly (cf. Figs. 2 and 3). The anomalies
in Rs, (Fig. 3j-1) more or less tracked those of Rs; but with a reduced
amplitude (Fig. 3d-f) and we found little evidence for any change
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in albedo. The state-wide radiative signature during meteorologi-
cal drought was for increased incoming shortwave radiation com-
bined with decreased incoming longwave radiation (Fig. 4) that
was consistent at both the Central Valley (Fig. S2) and Vaira Ranch
flux tower (Fig. S3) sites.

On a state-wide basis, the increase in Rs; dominated over the
decrease in Ry; and Ry was higher throughout the water years
2013 (wet: +52Wm 2 dry: +40Wm™2) and 2014 (wet:
+53Wm™2, dry: +6.1 Wm™2; Fig. 5a-c, Table 1). Hence there
was an increase in the net radiation of approximately +5 W m—2
during the drought years relative to the period of 2001-2012
(Table 1).

3.3. Land-surface feedbacks

Despite increased available net radiant energy (about
+5 W m2) during the two drought years, the MODIS based esti-
mates for California show declines in the latent heat flux in both
the 2013 (wet: —2.0Wm™2, dry: —0.9W m2) and 2014 (wet:
—4.0Wm™2, dry: —2.7 W m™2) water years relative to the 2001-
2012 decadal mean (Fig. 5a—f, Table 1). The increase in net radia-
tion combined with the decrease in latent heat flux resulted in a
large increase in the estimate of sensible heat flux throughout both
the 2013 (wet: +7.2Wm2, dry: +49Wm2) and 2014 (wet:
+9.3Wm™2, dry: +8.8 Wm™2) water years (Fig. 5, Table 1). The
results were virtually identical for the Central Valley (Fig. S4).
However, at the Vaira Ranch flux site, while the decline in latent
heat flux during drought was consistent with state-wide estimates,
the net radiation was generally lower during the drought years
leading to a much smaller increase in sensible heat flux in 2013
and little change in 2014 (Fig. S4). The smaller anomalies at Vaira
are likely related to an underestimation of the measured turbulent
fluxes due to a lack of energy balance closure (see Section 2.2).

In terms of the state-wide (and Central Valley) results, the
estimated increase in sensible heat flux (AH= ARy — LAE)
during the 2013 (=64Wm 2=4.8 — (—1.6)=4.8 + 1.6) and 2014
(91Wm2=55—(-3.6)=5.5+3.6) water years (Fig. 5g-i) was
mostly (~2/3) attributable to an increase in net radiation with
the remainder (~1/3) due to a reduction in latent heat flux. The
increase in AH during drought was therefore a consequence of
(1) more available energy due primarily to increased solar

Air Temperature (T7)

- - 1981-2010  Wet Season Dry Season - - 1981-2010  Wet Season Dry Season
— 2001-2012 = — 2001-2012
204 o0 9 259 %013
g — 2014 = — 2014
E 150 4 o 20 A
£ 2
< [
§ 100 Q 15
: 5
a
2 [
3 50 - T 104
a <
a d
0 5
— T T T T T T T T T T T T T T T T
T 50 -124 mm 33 mm 4 0.5°C 0.2°C
‘ —~ 24
g 0 - g_) _
-50 4 M Wetter — 01 v .
\E/ 50 Z - ™ Warmer
2. -100 A Annual: <91 mm 2013 b =27 m Colder Annual: 0.4 °C 2013 €
T T T T T T T T T T T T T T T T T T
7; 50 -266 mm 18 mm 8 12°C 0.5°C
€ o+ ——1 o 2 ]
I3 < o . o«
£ -50 = A
S 5]
g, 71007 Annual: -248 mm 2014 C 27 Annual: 1°C 2014 f

['Oct TNov [ Dec I Jan [ FebTMar T Apr TMay [ Jun T Jul TAug T Sep

['Oct [ Nov [ Dec T Jan TFeb T Mar T Apr TMay [ Jun [ Jul TAug T Sep I

Fig. 2. Monthly (a) total precipitation (P, mm mo~!) and (d) mean air temperature (T, °C) across California based on PRISM during the wet (Oct-May) and dry (Jun-Sep)
seasons of the water year (Oct-Sep) in both 2013 and 2014 compared to the decadal mean for 2001-2012. Gray shading denotes the standard deviation of the decadal mean.
The lower panels show the anomalies for 2013 (b, e) and 2014 (c, f) relative to the decadal mean. Numbers denote the seasonal and annual anomalies. The climatological

means for 1981-2010 (a, d) are shown as dashed lines for comparison.



412 S. Wolf et al./Journal of Hydrology 553 (2017) 408-418

Table 1

Climate anomalies during the water years (WY, Oct-Sep), the wet (Oct-May) and dry (Jun-Sep) seasons of 2013 and 2014 compared to the decadal mean of 2001~
2012. Unlike for California and the Central Valley, directly measured radiation fluxes for Vaira Ranch were available only since 2004 (with anomalies calculated
relative to 2004-2012). Measured ground heat flux (G) was only available for Vaira Ranch and the relatively small observed anomalies (<1.1 W m~2, also see Fig. S5)
justify our approximation that G ~ 0 for California and for the Central Valley.

California Central Valley Vaira Ranch
2013 2014 2013 2014 2013 2014
WY Wet Dry | WY Wet Dry | WY Wet Dry | WY Wet Dry | WY Wet Dry wy Wet Dry
AP (mm) —-191 -124 +33 | -248 -266 +18 | -79 -182 +2 | =149 -150 +1 | =116 -123 +7 | —155 -166 +12
AT (°C) +04 +05 +0.2| +1.0 +12 +05|+05 +06 +0.2| +1.0 +11 +0.8| +0.7 +08 +0.2| +1.2 +1.3 +0.8
ARg; (W m'z) +5.0 +9.3 -34| +6.3 +105 -22|+82 +129 -1.2| +7.7 +131 -3.1|+125 +184 +0.6 | +16.7 +23.9 +2.2
ARs, (W m’z) +0.8 +1.3 -03| +0.3 +0.7 -06|+22 +29 +09| +28 +39 +0.7| -02 +51 -108| +49 +48 +5.1
AR (W m'z) 24 -37 +01| -19 -38 +19|-26 44 +12| -12 -37 +38| -58 -80 -14| 65 -121 +4.8
AR, (W m’z) -30 -09 -71| -14 +0.7 -5.8 | +0.1 -04 +11| +15 +22 +0.2|+10.7 +7.8 +16.5|+10.8 +85 +155
AG (W m= +0.2 +0.3 00| +09 +11 +0.6
ARy (W m’z) +4.8 +52 +4.0| +65 +53 +6.1|[+3.3 +59 -2.0| +22 +3.3 -0.1 -38 -24 65| -55 -14 -136
ALE (W m'2) -16 -20 -09| -36 40 -27|-20 -25 -09|-59 -65 45| -25 -32 -13| 40 -40 -40
AH (W m’z) +6.4 +7.2 +49| +91 +93 +88 |+52 +84 -1.1| +8.0 +99 +44 | +27 +47 11 -04 +19 -50
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Fig. 3. Monthly mean (a) incoming longwave radiation (Ry;), (d) incoming shortwave radiation (Rs;), (g) outgoing longwave radiation (Ry,) and (j) outgoing shortwave
radiation (Rs,, all in W m~2) across California during the wet (Oct-May) and dry (Jun-Sep) seasons of the water year (Oct-Sep) in both 2013 and 2014 water years compared
to the decadal mean of 2001-2012. Gray shading denotes the standard deviation of the decadal mean. The lower panels show the respective anomalies for 2013 (b, e, h, k) and
2014 (c, f, i, 1) relative to the decadal mean. Numbers denote the seasonal and annual anomalies. Please note the different scaling of the mean (upper) panels for each radiation
component while the scaling of the anomaly panels is identical throughout to enable direct comparisons.
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radiation and (2) of reduced latent heat flux (and thus reduced

evaporative cooling) due to drought related reductions in the sup-

ply of water (i.e., precipitation) for actual ET. The combination of
those changes both contributed to higher temperatures during

the drought (Fig. 5).

3.4. Radiative signature of anthropogenic warming

The CMIP5 (RCP8.5 scenario) multi-model ensemble mean pro-
jects increases of 4.2 °C in mean water year air temperature across

California by 2089-2100 relative to 2001-2012, with higher
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Fig. 5. Monthly (a) mean net radiation (Ry), (d) latent heat flux (LE) and (g) sensible heat flux (H, all in W m~2) across California during the water years (Oct-Sep) 2013 and
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2013 (b, e, h) and 2014 (c, f, i) relative to the decadal mean. Numbers denote the seasonal and annual anomalies. Please note the different scaling of the mean (upper) panels
while the scaling of the anomaly panels is identical throughout to enable direct comparisons.

increases during the dry compared to the wet season (Figs. 6a & S6,
Table 2). In contrast, monthly mean precipitation is projected to
remain very similar to current levels (2001-2012) with a minor
increase (+14 mm yr—') projected for the wet season. The radiative
signature showed a substantial increase in the incoming longwave
radiation (+27.0 W m~2) by the end of the 21st century that was
projected to be higher during the dry (+37.6 W m~2) compared to
the wet season (+21.8 Wm2) (Figs. 6¢ & 7a-b, Table 2). Only
minor changes were projected for the incoming shortwave radia-
tion over either the water year (—0.9W m2) or in the wet
(+1.6 Wm™2) or dry (—5.7 Wm™2) seasons (Figs. 6e & 7c-d). In
summary, the overall trend until end of the 21st century is pro-
jected as increasing longwave radiation (incoming and outgoing,
Fig. 6¢c-d) and minor reductions in shortwave radiation (Fig. 6e-
f), with net radiation increasing at the land surface (Fig. 6g).

The observations reported here show that the radiative signa-
ture of the current Californian drought is for a large increase in
incoming shortwave radiation coupled with a moderate decrease
in incoming longwave radiation (Fig. 3a-f). In contrast, the

radiative signature of the projected warming associated with
long-term anthropogenic forcing shows little change in incoming
shortwave radiation coupled with a very large increase in the
incoming longwave radiation (Fig. 7, Table 2). Further, Fig. 6
highlights that the hydrological and ecological consequences of
the forcing during the short-term drought are very different from
those related to the long-term forcing. For example, consider first
the long-term model projections. The CMIP ensemble projects
warming of around 4.2°C by the end of the 21st century.
Physically, this is associated with an increase in the outgoing
longwave radiation from the surface. Using the black-body
sensitivity (=4 o T> ~ 5.3 W m 2 K at a mean T of 13 °C) suggests
an increase in outgoing longwave radiation of around
(4.2 x 5.3 =22.3 Wm~2) which is more or less identical with the
model projection of 23.4W m~2 (Fig. 6e). Accordingly, the land
surface warms in the model projections and the outgoing
longwave radiation increases mostly because of increases in the
incoming longwave radiation. However, net radiation shows little
change and despite the projected warming, the CMIP5 projections



S. Wolf et al./Journal of Hydrology 553 (2017) 408-418 415

show little change for actual ET (Fig. 6¢). The underlying physical
reason is that actual ET is constrained by the available radiant
energy (i.e. net radiation) and water supply (i.e. precipitation). In
summary, the CMIP5 ensemble projections for greenhouse warm-
ing over California project large increases in T with little change
in either P or actual ET.

4. Discussion
4.1. The radiative signature of short-term meteorological drought

Our analyses of changes in the two incoming radiative fluxes
have revealed a radiative signature of increased incoming short-
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Fig. 6. Long-term time series of (a) mean near surface air temperature (T), (b) total precipitation (P), (c) total actual evapotranspiration (ET), (d) mean longwave incoming
(Ry;), (e) mean longwave outgoing (R;,) and (f) shortwave incoming radiation (Rs;), (g) mean shortwave outgoing (Rs,), (h) mean net radiation (Ry) and (i) sensible heat flux (H)
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individual CMIP5 model runs cancel out in the ensemble averaging (Sun et al., 2011).
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Table 2

Climate anomalies during the water year (WY, Oct-Sep), wet (Oct-May) and dry (Jun-
Sep) seasons at the end of the 21st century (decade 2089-2100) compared to the
decadal mean of 2001-2012 across California based on the multi-model ensemble
mean of CMIP5 climate model projections (RCP8.5 Scenario). See Table S4 for a similar
comparison based on PRISM (P, T), MODIS (LE) and CERES observations.

California

wy Wet Dry
AP (mm) 14.3 17.0 27
AT (°C) 4.2 3.8 4.9
ARg; (W m™) -0.9 1.6 5.7
ARso (W m™) -0.7 -0.6 -0.8
AR (W m™?) 27.0 21.8 37.6
AR (W m™) 234 20.4 29.3
ARy (W m™) 35 3.5 3.4
ALE (W m™) 0.8 2.0 -1.6
AH (W m™) 2.6 1.9 3.9

wave radiation coupled with reductions in the incoming longwave
radiation (both presumably due to reduced water vapour and/or
cloud cover) during the Californian drought 2013-2014 relative
to the earlier 2001-2012 decade (Fig. 3a-f, Table 1). This pattern
is identical with that shown previously for four other regions
worldwide during meteorological drought (Yin et al., 2014). A clo-
ser examination of the results showed that the seasonal time
course for increased incoming shortwave and decreased incoming
longwave during 2013-2014 (Fig. 3a-f) more or less followed the
seasonal perturbation in precipitation (Fig. 2a-c). That the radia-
tion and precipitation should track together is no real surprise
because we intuitively expect meteorological drought to be associ-
ated with reduced cloud cover. This in turn results in increased
incoming shortwave but reduced incoming longwave radiation.
Here we found the increase in shortwave dominated over the
decrease in longwave and there was an increase in net radiation
throughout much of the 2013 and 2014 water years of about
+5 W m~2 during the drought, compared to 2001-2012 (Fig. 5a-c).

This pattern of warmer T during meteorological drought is com-
mon in California and occurred previously, e.g. during the droughts
in 1931, 1934 and 1959. However, it is not universal as different
causes of changes in T have different consequences. For example,
the extremely low P during the 1976-1977 drought in California
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(see Fig. 6) was not obviously associated with anomalously warmer
temperatures. The causation during this particular event remains
unknown, yet might have been related to global dimming linked
to increasing sulphur emissions from 1950-1980, which reached
its peak around 1980 and was reported to have reduced Rs; by
about ~6 W m~2 across the US (Wild, 2012).

4.2. Contribution of drought-induced surface feedbacks to warming

Both the increased radiant (shortwave) energy and the reduc-
tion in latent heat flux (and thereby reduced evaporative cooling)
shift the partitioning of the net radiation towards the sensible heat
flux. The estimated increase in sensible heat flux was mostly
(~2/3) attributable to an increase in net radiation with the remain-
ing (~1/3) being due to reduced evaporative cooling because of the
lack of available water (Fig. 5d-f, Table 1). Such land-surface feed-
backs have important implications for understanding local-scale
temperature dynamics. For example, irrigation enhances evapora-
tive cooling and leads to lower temperatures as is well known in
the Central Valley (Christy et al., 2006; Lobell and Bonfils, 2008).
While the extent of irrigated area has stabilized in California since
1980 (Bonfils and Lobell, 2007), the recent multi-year drought
prompted unprecedented state-wide water restrictions in early
2014 (Seager et al., 2015; Swain et al., 2014), which reduced the
farmed and irrigated area across the Central Valley
(AghaKouchak et al., 2015; Cooley et al., 2015). Our analyses for
the Central Valley showed direct evidence for the impact of
reduced irrigation on the energy flux partitioning during 2014. In
particular, with similar net radiation in 2014 compared to 2013,
particularly during the dry summer season (Fig. S4, Table 1), the
latent heat flux was further reduced in 2014 relative to 2013, con-
sistent with a reduction in irrigation. Further research is needed to
better quantify the effects of irrigation on regional temperatures
and the associated long-term impact of groundwater depletion in
the Central Valley.

4.3. The radiative signature of long-term anthropogenic forcing

Climate models project that long-term greenhouse forcing will
lead to increasing near-surface air temperatures (Fig. 6a). During
drought we also commonly observe a short-term (days to months
to a few years) increase in air temperature. It is only natural to
equate the elevated temperature during drought with future
warming. However, such comparisons are only valid if the
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Fig. 7. Radiative signatures of anthropogenic greenhouse warming for (a) mean monthly incoming longwave (Ry;) and (c) shortwave (Rs;, both in W m~2) radiation at the end
of the 21st century (decade 2089-2100) compared to 2001-2012 across California based on multi-model mean CMIP5 multi-model mean (RCP8.5 scenario). The lower panels
(b, d) show the respective anomalies in 2089-2100 compared to the decadal mean of 2001-2012. Numbers denote the seasonal and annual anomalies. The Supporting
Information (Tables S6-7) also shows the years 2013-2014 and baseline period 2001-2012 compared to the early last century (1901-1912), and other variables projected

from CMIP5 across California (Fig. S6).
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underlying physical basis for the warming is the same. For exam-
ple, the warming that current climate models project to result from
enhanced greenhouse forcing over the coming century is due to a
relatively small direct effect of atmospheric CO, that is amplified
by a positive water vapour feedback (Held and Soden, 2000) that
together result in a large (projected) increase in incoming long-
wave radiation with little change in shortwave radiation
(Roderick et al., 2014). Hence the primary physical signal for the
temperature increase associated with long-term anthropogenic
forcing is for increased incoming longwave radiation
(Figs. 6¢ & 7a-b, Table 2) and increased mean specific atmospheric
humidity. In contrast, during a short-term meteorological drought,
such as the 2013-2014 Californian drought, the atmospheric CO,
continues to accumulate but the direct radiative effect is only small
over the two years. For example, current observations put the
increase in incoming longwave radiation due to the direct radiative
effect of CO, at around 0.02 W m~2yr! (Feldman et al., 2015).
Over the two year period considered here (2013-2014), that
change is around two orders of magnitude smaller than the
observed perturbations in other surface energy balance terms
(Figs. 3-5, Table 1). Of course, the long-term warming due to atmo-
spheric CO, is projected to be amplified by a positive water vapour
feedback (Held and Soden, 2000). However, during a meteorologi-
cal drought, we can reasonably expect a negative water vapour
feedback that would be consistent with the reduction in incoming
longwave radiation (Fig. 3a-c, Table 1). Both drought-induced and
greenhouse-induced warming are the result of more incoming
radiant energy at the land surface. The key point is that the under-
lying physical cause (shortwave vs. longwave) of increases in air
temperature is distinctively different during meteorological
drought when compared to projections of enhanced greenhouse
forcing. That is critical because different underlying causes have
different consequences for the water and energy balance (Fig. 6).

By extending the concept of Yin et al. (2014), our analyses
demonstrate that radiative signatures are a powerful tool to differ-
entiate drought-induced warming from greenhouse-induced
warming at monthly to seasonal to interannual time scales.
Drought-induced warming is associated with increased incoming
shortwave radiation and a decrease in the incoming longwave
while greenhouse-induced warming is characterized by increased
incoming longwave radiation. Future studies can employ this
approach to systematically assess droughts at regional, continental
and global scales.

4.4. The cause and intensity of the Californian drought

The radiative signature concept has been used here to infer that
increased air temperature during the Californian drought was lar-
gely the result of increased incoming shortwave radiation. How-
ever, our analysis does not, and cannot: (i) quantify the impact of
anthropogenic warming on drought, and cannot; (ii) attribute the
dynamical cause of the rainfall perturbation. In particular, the
recent Californian drought has been associated with a synoptic
blocking pattern called the ‘Ridiculously Resilient Ridge’, a persis-
tent and strong midtropospheric high pressure ridge over the
northeastern Pacific that displaced storm tracks northwards
(Seager et al., 2015; Swain, 2015). This anomalous ridge reduced
precipitation and cloud cover over California during the wet sea-
son, which in turn increased solar radiation and the available
energy at the surface. The blocking also enhanced the land-
atmosphere coupling from soil water limitations whereby reduced
actual ET (and thus reduced evaporative cooling) shifted the parti-
tioning of available net radiation towards the sensible heat flux.
The cascading set of transient changes contributed both to warmer
temperatures at the surface and in the adjacent atmosphere.

Initial analysis of model simulations suggested that the inten-
sity of this anomalous ridge may have a traceable, although indi-
rect link to anthropogenic warming via climate oscillations in the
Pacific (Wang et al., 2014). Other research indicates changes of
atmospheric circulation patterns linked with seasonal precipita-
tion and temperature anomalies in California (Swain et al., 2016).
However, there is also some evidence that the precipitation deficits
during the Californian drought may have been dominated by nat-
ural variability (Mao et al., 2015; Seager et al., 2015) and not by ris-
ing greenhouse gases and related long-term changes in climate
(Cheng et al., 2016). In short, the atmospheric dynamics that
underlie variations in precipitation (and hence meteorological
drought) remain a topic of ongoing research.

5. Conclusion

We conclude that much of the warming associated with the
2013-2014 Californian drought was a transient short-term pertur-
bation caused by severe precipitation deficits, and associated with
increased solar radiation (presumably due to reduced cloud cover)
in combination with a land-surface feedback (reduced evaporative
cooling) that further exacerbated the warming. Both drought and
the enhanced greenhouse effect are associated with warmer tem-
peratures but the underlying physical cause and associated radia-
tive perturbations are very different. The consequences for water
availability are also very different. The radiative signature of this
Californian drought clearly showed increasing incoming shortwave
(i.e., solar) radiation coupled with a decline in incoming longwave
radiation. In contrast, global warming projections (for California
and elsewhere) show increased temperature as a consequence of
the elevated greenhouse effect from increased incoming longwave
radiation. Distinguishing the source of the radiative perturbation is
a new approach that can be used as a basis for attributing the cause
of warming during drought.
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