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ABSTRACT9

Unlike the commonly used relative humidity, vapor pressure deficit (V PD), is an absolute10

measure of the difference between the water vapor content of the air and its saturation value11

and an accurate metric of the ability of the atmosphere to extract moisture from the land12

surface. V PD has been shown to be closely related to variability in burned forest area in13

the western United States. Here the climatology, variability and trends in V PD across the14

U.S. are presented. V PD reaches its climatological maximum in summer in the interior15

southwest U.S. due to both high temperatures and low vapor pressure under the influence16

of the northerly, subsiding eastern flank of the Pacific subtropical anticyclone. Maxima of17

variance of V PD are in the southwest and southern Plains in spring and summer and are to18

a large extent driven by temperature variance but vapor pressure variance is also important19

in the southwest. La Niña-induced circulation anomalies cause subsiding, northerly flow20

that drive down actual vapor pressure and increase saturation vapor pressure in fall through21

spring. High spring and summer V PD can also be caused by reduced precipitation in22

preceding months, as measured by Bowen ratio anomalies. A case study of 2002 leading23

up to the Rodeo-Chediski, AZ, and Hayman, CO. fires shows very high V PD caused by24

antecedent surface drying and subsidence warming and drying of the atmosphere. V PD has25

increased in the southwest U.S. since 1961, driven by warming and a drop in actual vapor26

pressure, but decreased in the northern Plains and midwest, driven by an increase in actual27

vapor pressure.28
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1. Introduction29

In, for the field of meteorology, an unusually passionate polemic, Anderson (1936) argues30

for measuring and reporting the water vapor content of the atmosphere relative to saturation31

in terms of vapor pressure deficit (V PD) rather than relative humidity (RH). V PD is the32

difference between the saturation vapor content of air at temperature Ta, es(Ta), and its33

actual vapor pressure, ea, viz:34

35

V PD = es(Ta) − ea, (1)

whereas RH is given by their ratio expressed in percent form, viz:36

37

RH = 100 ×
ea

es(Ta)
. (2)

.38

Anderson (1936) points out that RH is not an absolute measure but merely a ratio of39

two known quantities expressed as a percentage. In contrast V PD gives an absolute measure40

of the atmospheric moisture state independent of temperature. For example, the same V PD41

above a surface that is not water-limited and for a given wind speed and atmospheric stability,42

leads to the same rate of evaporation, regardless of temperature. Expressing RH and V PD43

in terms of each other we get:44

45

RH = 100(1 − V PD/es(Ta)), (3)

V PD = es(Ta)(1 − RH/100). (4)

In these relations we see the basic problem with RH . For any given RH the V PD46

varies exponentially because of the Clausius-Clapeyron dependency of es(Ta) on Ta. That47

is, at very low temperatures a given RH will correspond to a very small V PD while at high48

temperatures the same RH will correspond to a very high V PD. Similarly a given V PD49

will correspond to a much higher RH at high temperatures than at lower temperatures.50

The point of Anderson (1936) was that the water balance stress placed upon an organism51

is determined by the V PD and not the RH . Despite his arguments V PD has not exactly52
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caught on. The daily weather forecasts still routinely report RH but never V PD and53

meteorologists and the public alike are far more familiar with RH reports, often mentally54

factoring in the temperature dependence when considering the implications.55

Despite the lack of popularity of V PD it deserves a new lease on life. In two recent papers56

Williams et al. (2014b,a) show that V PD is the meteorological variable that best correlates57

with burned area for forest fires in the U.S. southwest over past decades. Forest fire is an58

every year concern in the southwest U.S. Though fire is a naturally occurring phenomenon59

to which forest ecosystems, including fauna and flora, are adjusted and, in some cases, even60

dependent upon, it poses considerable problems for society. First is of course the protection61

of life which has become ever more difficult as the population of the southwest has expanded62

and more and more people are living at the ’urban-forest interface’ (Pyne 2009). After this,63

damage to property is a concern. Further, and quite fundamentally, the lands of western64

North America are now all, to a greater or lesser extent, managed by people and, very often,65

even if indirectly, by the Federal government. Dealing with fire is one of the key problems of66

land management; how to manage a process that is at the same time natural and essential67

and tremendously damaging? Now that western forests are experiencing drought and heat68

stress combined with outbreaks of bark beetles and unprecedented areas of burns, stresses69

that are expected to only get worse as human-induced climate change advances (Allen70

et al. 2010; Bentz et al. 2010; Williams et al. 2013), fire-management is ever more important71

(Stephens et al. 2013). Hence it is imperative to better understand the processes that control72

fire.73

Many prior studies have sought relationships between climate and wildfire (e.g. West-74

erling et al. (2003, 2006); Westerling and Bryant (2008); Littell et al. (2009); Abatzoglou75

and Kolden (2013); Riley et al. (2013)). In regard to links between climate and forest fire76

incidence V PD explains more variance than precipitation, various drought indices and tem-77

perature individually can (Williams et al. 2014b; Sedano and Randerson 2014)). This is of78

course a confirmation of Anderson (1936)’s plea for the ecological relevance of V PD. It is79

not surprising that V PD is more successful in explaining burned forest fire area than other80

variables are. It is essentially a measure of the ability of the atmosphere to extract moisture81

from the surface vegetation thus reflecting variations in the moisture content and flammabil-82
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ity of forests. It is more explanatory in this regard than RH because it accounts for the fact83

that it is the combination of low RH and high temperature that creates the most fire-prone84

conditions. V PD is also more explanatory than temperature (e.g. Westerling et al. (2006))85

since it reflects the nonlinear dependence of es on temperature and also measures the actual86

moisture content of the air, with the combination of high es and low ea creating the most87

fire prone conditions. Of course V PD only indirectly measure the antecedent soil moisture88

conditions which also influence the current moisture content of vegetation. Hence it might89

be expected that preceding precipitation, or an index of current drought severity (such as90

Palmer Drought Severity Index that factors in prior precipitation and estimates of evap-91

otranspiration), would offer additional explanatory power over V PD alone. Consistently,92

Williams et al. (2014b,a) found a combination of current V PD and prior year precipitation93

offered the best explanation of burned forest area.94

Given the demonstrated importance of V PD to at least one topic of great ecological95

and social importance, it seems worthwhile to explore better the basic spatial and temporal96

variations of V PD across North America in terms of seasonal cycle, geographic variation,97

interannual variability and long term trends. To our knowledge no such study has been98

conducted. Gaffen and Ross (1999) did conduct a study of climatology and trends of spe-99

cific and relative humidity across the U.S. Their maps of daytime RH show, in winter, high100

values along the west coast and in the southeast and low values in the northeast and, in101

summer, a striking west-east lower-higher contrast. Interesting though these maps are, it is102

almost automatic to ask what controls these temporal and spatial distributions - tempera-103

ture, specific humidity or both? - and how do they relate to the difference between actual104

and saturation water vapor content?105

The current study is motivated both by the desire to develop a better understanding of106

the controls on moisture undersaturation in the atmosphere and also the need to improve107

understanding of the outbreak and spread of forest fires. As such, after providing a cross-U.S.108

analysis of the climatology and variability of V PD we will examine the atmosphere-ocean-109

land causes of V PD variability in the southwest, as well as the long terms trends in V PD.110

We will also provide a case study of the V PD anomalies, and their causes, leading up to111

June 2002 when two major southwest fires (the Rodeo-Chedeski and Hayman fires) occurred.112
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2. Data and Methods113

High quality, spatially and temporally extensive humidity data are hard to come by114

in general. Here we use the PRISM data set developed by the PRISM Climate Group at115

Oregon State University, details of which can be found at http://www.prism.oregonstate.116

edu and in Daly et al. (2000), and which was obtained from the International Research117

Institute for Climate and Society as http://iridl.ldeo.columbia.edu/SOURCES/.OSU/118

.PRISM/. Because of data availability we limit ourselves to the 1961 to 2012 period (see119

Williams et al. (2014b,a) for this rationale). The PRISM data provides monthly means of120

maximum (Tmax) and minimum (Tmin) daily temperature and dew point temperature (Td).121

The mean monthly air temperature is approximated as Ta = (Tmax +Tmin)/2 and es(Ta) and122

ea are calculated from:123

124

es(Ta) = es0exp [17.67(Ta − T0)/(Ta − T0 + 243.5)] , (5)

ea = es0exp [17.67(Td − T0)/(Td − T0 + 243.5)] , (6)

where Ta and Td are in Kelvin and T0 = 273.15K. We are aware that because of the125

nonlinear dependence of es on Ta any averaging of temperatures in space and time introduces126

errors in the sense of underestimating es. Williams et al. (2014b,a) in their study of the127

southwest U.S. did account for this by using some statistical relationships between daily and128

monthly temperature data. Here we do not do this and instead simply compute es from129

averaged temperature. It is considered, after evaluation, that the approximation introduces130

an acceptable degree of error. For geopotential heights and vertical velocities we use the131

National Centers for Environmental Prediction-National Center for Atmospheric Research132

(NCEP-NCAR) Renalysis (Kalnay et al. 1996; Kistler et al. 2001). The NCEP-NCAR133

Reanalysis was chosen as the only Reanalysis that assimilates all available information that134

extends back before 1979 and hence overlaps the PRISM precipitation data. For surface135

sensible and latent heat fluxes, used to compute Bowen ratio, we used data from the Global136

Land Data Assimilation System (GLDAS) 2.0 available at http://disc.sci.gsfc.nasa.137

gov/gesNews/gldas 2 data release. GLDAS uses a land surface model forced by observed138

meteorological conditions to estimate the land surface hydrology and surface fluxes of water139
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and energy (Rodell et al. 2004; Sheffield and Wood 2006). All analyses cover the 1961 to140

2012 period and anomalies, when used, are with respect to a climatology over this period.141

3. Climatology of vapor pressure deficit across the U.S.142

Figure 1 shows the V PD, es and ea for the four seasons of October to December (OND),143

January to March (JFM), April to June (AMJ) and July to September (JAS), which cor-144

respond to the hydrological year and which we shall refer to as fall, spring, summer and145

fall. The V PD is lowest in the winter season, that is, the air is closest to saturation at this146

time. This is partially caused by the low es, following on the coldest temperatures of the147

year, which places an upper bound on how large V PD can be. A vast area of western North148

America and northern central and eastern North America has es below 5mb in the winter.149

The V PD pattern is largely zonal in winter because the warmer west coast areas with higher150

es are also areas of higher ea. The coastal eastern regions have less of a maritime climate151

and a more continental climate because of the prevailing westerlies and V PD, es and ea here152

are contiguous with the interior U.S. to the west.153

By spring the V PD has climbed above 5mb across most of the U.S. except for parts of154

the northwest, some areas south of the Great Lakes and northern Maine. What is striking is155

the area of 20−30mb V PD in the interior southwest U.S. This is driven by a sharp rise in es.156

However, es rises by just as much across the southern central and southeast U.S.. However,157

in these regions this does not translate into a similar rise in V PD because ea also rises to158

keep track while it does not in the interior southwest. These differences are, in turn, related159

to the development of the Atlantic subtropical high and moisture convergence in southerly160

flow over the southern U.S. (e.g. Seager et al. (2003b)) whereas moisture flow into the161

interior southwest awaits the reach of the North American Monsoon (Adams and Comrie162

1997). The switch from winter with northerly flow to spring with southerly flow, associated163

with development of the Atlantic subtropical high, is evident in the rise of ea across the U.S.164

from the Plains to the Atlantic coast.165

In going from spring to summer V PD increases modestly over the eastern U.S., especially166

in the northern region but climbs strongly in the southwest. The highest monthly mean167
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values that ever occur in the U.S. (close to 50mb) occur in summer in southeastern California,168

southern Nevada and southwestern Arizona. This is related to high temperatures driving169

high es and outstripping the increase in ea. Texas is the other region of widespread high170

V PD which arises from very high es and relatively low ea away from the Gulf coast. High ea171

across the remainder of the southern U.S. and the southeast balances high es and keeps V PD172

relatively low. The northwest, north central and northeastern U.S. have their maximum173

V PD in summer as ea fails to keep up with the highest values of es driven by the warmest174

temperatures of the year. In fall all quantities are well on their way, after summer, to175

re-establishing their winter states.176

4. Interannual variability of V PD across the U.S.177

While the climatology of V PD is interesting, ecosystems are presumably largely evolved178

to deal with this. They will also be able to adapt, to some extent, to year-to-year variabil-179

ity. However extreme high V PD years are expected to exert considerable water stress on180

vegetation risking disease, fire and mortality. Hence we next turn to examine the variability181

of V PD and its causes over the post 1961 period. To do this we computed the variance of182

V PD, es and ea for each month and then averaged these monthly variances to form seasonal183

mean variances which are shown in Figure 2.184

In no season is the V PD variance simply proportional to the V PD climatology. In the185

fall and winter the V PD variance has a southwest maximum, northeast minimum pattern186

with lines of equal variance oriented in a roughly northwest to southeast manner. This is in187

contrast to the more zonal pattern of the V PD climatology. This V PD variance pattern is188

quite distinct from that of the es and ea variances which are maximum over the southeastern189

U.S. Since these do not translate into a V PD variance maximum it must be because they190

vary together, i.e. e′s ≈ e′a, (es−ea)
′
≈ 0. One reason for this is that in these seasons transient191

eddies dominate the moisture convergence into the southeastern and eastern U.S (Seager192

et al. 2014b). The eddies act to diffuse temperature and moisture such that, in southerly flow193

they will both warm, increasing es, and moisten, increasing ea, and vice versa for northerly194

flow, minimizing the change in V PD. In contrast, in the southwest the es variance is large195
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and must not be compensated for by ea variance. These comparisons make clear that, in196

general, the V PD variance can not be explained as being purely temperature driven with,197

for example, es varying and the V PD variations simple related to this according to fixed198

RH .199

In the spring the southwest region of climatological high V PD is also a region of high200

V PD variance and this seems driven by high es variance, i.e. by temperature variance, while201

the ea variance is quite low. There is also a central U.S. maximum of V PD variance that202

stretches from Texas north to Canada which arises from a maximum of es, i.e. temperature,203

variance. In the summer many of the features of V PD and es variances seen in spring remain204

but are amplified. Maximum V PD variance occurs in the Mojave, Sonora and Chihuahua205

Desert portions of the southwest U.S. These are all regions of high es variance. In summer206

an ea variance maximum develops in southeast California and southwest Arizona which is207

likely due to variance of moisture convergence in the North American Monsoon.208

The regions of low spring and summer es variance in the interior west, which translate209

into lower V PD variance are related to high topography where the climatological es and210

ea are lower than in lower-lying surrounding areas (Figure 1). This can be understood as211

follows. The es variance for a given month is given by:212

213

σes
=

1

N

N
∑

n=1

e′2s,n, (7)

where n indicates year and N is the total number of years. e′s can be linearized as:214

215

e′s ≈
des

dT

∣

∣

∣

Ta

T ′

a, (8)

that is, the gradient of es with respect to T evaluated at the climatological mean air tem-216

perature, Ta, multiplied by the air temperature anomaly, T ′

a. Substituting Eq. 8 into Eq. 7217

we get:218

219

σes
=

1

N

N
∑

n=1

(

des

dT

∣

∣

∣

Ta

T ′

a

)

2

. (9)

Since des/dT increases with T , the same temperature variance will give lower es variance220

at lower climatological mean temperatures. When es variance is estimated with Eq. 9 (not221
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shown) it is clear that this effect, in combination with lower temperature variance at colder222

temperatures, explains the low es and V PD variance at higher elevations in western North223

America.224

The clear and expected increase of variance of vapor pressure quantities with the mean225

values suggest that normalized variance may be a more informative measure. Hence Figure226

3 shows the variances normalized by their climatological values and expressed as a fraction.227

In this case large values show that the variance is unusually large in comparison to its228

climatological value while small values show the opposite. The southwest desert maximum229

of V PD variance does not appear in the maps of normalized variance. Instead the normalized230

variance of V PD emphasizes the southern Plains in spring, the entire Plains in summer and231

many southwestern areas in California, Arizona, New Mexico, Colorado and Utah. Also232

some areas of relatively low absolute V PD variance in the Pacific northwest states appear233

as high areas of relative variance. The normalized variances of ea are also different to those of234

absolute ea. While the latter track the climatological ea, the former shows the southwest areas235

of high V PD variances to be ones of high ea variance. Looked at in this way, it appears that236

high V PD variance in regions of the southwest does not just arise from high temperature,237

es, and es variance but also from relatively high ea variance. This is suggestive of a potential238

role for driving of atmospheric humidity variability by locally strong atmospheric circulation239

variability, that is, a role for atmospheric dynamics as well as thermodynamics.240

Figure 4 shows all areas that have burned across the western U.S. from 1984 to 2011241

based on the Monitoring Trends in Burn Severity data (www.mtbs.gov, Eidenshink et al.242

(2007)). This can be qualitatively be compared with the climatology and variance figures243

above. Clearly the area in the deep southwest at the California-Arizona border that has high244

climatological and absolute (but not normalized) variance of V PD is not an area of frequent245

and widespread burns which is probably because of the lack of fuel. Burns are common246

and widespread in a swath of land across southern and central Arizona and New Mexico,247

western Texas, Oklahoma and eastern Kansas, extend north through the Plains, Nebraska248

and Montana linking to an area of widespread burns in Idaho, eastern Washington and249

Oregon and northern Nevada. Other areas of widespread burns are the coastal and Sierra250

Nevada ranges of California. This bears some similarity to the maps of spring and summer251
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normalized V PD variance. A perfect match would not be expected given the control that252

fuel availability, for example, and other factors will exert on burned area (Swetnam and253

Betancourt 1998; Westerling et al. 2002, 2003; Littell et al. 2009; Abatzoglou and Kolden254

2013). So, for example, the tremendous maximum of variance in Texas and the southern255

to central Plains does not translate into a similarly impressive maximum in burned area.256

That may be because this is an area of grasslands rather than forest but, nonetheless, this257

is a local maximum of burned area. Similarly the general donut of burn areas in the Plains,258

northern states, California and the southwest, ringing a burn area donut hole in the interior259

west, is also seen in V PD variance. Much of this donut hole is very high altitude with260

low climatological and variance of temperature or high desert with little vegetation to burn.261

Another notable feature is that, despite the relatively low climatology and variance of V PD262

in the northwestern states, the relatively high normalized V PD variance matches the high263

burned area in this region. The exception is the coastal northwest where low burned area264

corresponds to low normalized V PD variance. All these relations make clear the importance265

to fire incidence and spread of V PD and how its variance compares to the mean conditions.266

Areas with lower mean V PD but relatively high variance seem to be able to have greater267

burned area than those with higher V PD and relatively lower variance.268

5. Relationship of V PD variability in the southwest U.S.269

to SST and circulation variability270

As shown in Williams et al. (2014b,a), interannual V PD variability is the best predictor271

of burned forest area in the southwest U.S. The analysis above has shown that V PD vari-272

ability is largest in the southwest U.S. at the California-Arizona border. However this is a273

very arid region, with high climatological V PD, and not one with extensive fire occurrence274

due to the absence of extensive vegetation. Fire occurrence is more common in regions of275

lower climatological V PD that are less arid and can sustain vegetation that is nonetheless276

susceptible to burning. We have already shown that V PD variability is large in these inter-277

mediate aridity regions in the spring and summer seasons critical for fires and that this is278
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influenced strongly by es variability but also by ea variability. But what controls V PD, es279

and ea variability?280

To look at this we examine relations between V PD, es and ea and atmospheric circulation,281

as measured by the 700mb geopotential height, and sea surface temperature (SST) variability.282

We focus in on the region of high fire occurence identified by Williams et al. (2014b,a). This283

southwest area lies to the east of the region of very high V PD climatology and variance284

at the California-Arizona border and includes the parts of Arizona, New Mexico, Texas,285

Oklahoma, Colorado and Utah bounded by 28.5◦N and 38◦N and to the west of 100◦W .286

The 700mb level is chosen since this more closely corresponds to the level in the atmosphere287

where significant moisture transport occurs. Results are shown in Figure 5. In fall, winter288

and spring high V PD in the southwest correlates with local high pressure. In fall this is289

part of a zonal wave pattern and in winter and spring it is part of a general mid-latitude290

ridge that extends across the Pacific, North America and the Atlantic. High V PD is also291

correlated with cool tropical Pacific SSTs in winter and spring and, to a lesser extent, in292

fall. The circulation patterns are what is expected given the La Niña SST pattern (Seager293

et al. 2003a, 2005, 2014a). These relations make clear that high V PD in the southwest is294

promoted by La Niña conditions. This relation breaks down in the summer which is expected295

given the general weakness of tropical-mid-latitude teleconnections in the summer (Kumar296

and Hoerling 1998).297

High es is also correlated with high geopotential heights and La Niña SST conditions and298

the patterns of each are quite similar to those for the V PD correlations. This indicates that299

high V PD anomalies are being driven, in large part, by an increase in temperature causing300

high es. The correlations with ea are opposite in fall and winter: that is, low ea, which would301

contribute to high V PD, also arises from La Niña conditions. The La Niña connection to302

low ea is also clear in the spring though the associated height anomaly pattern is different to303

that for the V PD and es correlations. The summer ea correlation, as expected, does not have304

a feature in the tropical Pacific and the circulation anomaly indicates high ea corresponding305

to low pressure off Baja California and high pressure over the Rocky Mountains.306

These relations are fairly easy to explain. During La Niña conditions in the fall, winter307

and spring high pressure develops over the southwest which favors subsidence beneath caus-308
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ing both high temperatures and high es, via warming due to compression, and low ea due309

to the subsidence of dry air. Both effects drive the V PD to be high. In summer, when the310

connection to the tropical oceans is weak, high V PD and es in the southwest are still favored311

by local high pressure (and, presumably, subsidence warming) while low ea appears to be312

favored by flow anomalies from the north and west, which makes sense since the moisture313

sources for the southwest lie to the south over the Gulfs of California and Mexico.314

6. Relationship of variability of V PD to land surface315

conditions316

While atmospheric circulation anomalies are expected to be able to influence V PD in-317

stantaneously via subsidence of warm, dry air, it is also expected that previous reductions318

in precipitation could dry out the soil and lead to an increase in V PD. As the soil dries319

out incoming solar radiation needs to be increasingly balanced by sensible and long wave320

radiative heat loss, and less by evapotranspiration, and this requires an increase in surface321

temperature at the same time as less moisture flux from the surface to the atmosphere, both322

effects increasing V PD. One measure of soil dryness is the Bowen ration, B = SH/LH ,323

where SH is surface sensible heat flux and LH is surface latent heat flux.324

The previous section showed that V PD increases as atmospheric circulation anomalies325

cause warming and/or drying. In the absence of a surface moisture anomaly, subsidence326

warming and drying would be expected to increase LH and reduce SH , surface flux changes327

that would offset the circulation-induced changes in V PD. This would cause a reduction in328

the Bowen ratio to accompany the increase in V PD.329

Figure 6 shows the correlation across North America between seasonal V PD and Bowen330

ratio. In the southwest and coastal western North America, the Bowen ratio increases with331

V PD throughout the year. There are negative correlations across the central northern U.S.332

in fall and most of the central and eastern U.S. in spring. The strongest positive correlations333

are in the interior West and the Gulf Coast in summer.334

The cause of these correlations can be understood in terms of the correlation of Bowen335
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ratio with es and ea also shown in Figure 6. The correlation between Bowen ratio and ea is336

simple and essentially always negative (except for Pennsylvania, New York and New England337

in summer). That is as latent heat flux goes up, and Bowen ratio drops, the atmospheric338

water vapor rises. This suggests the atmospheric vapor pressure responding to changes339

in evapotranspiration. The relation of Bowen ratio with es is more spatially variable. In340

the central and southern parts of the West Bowen ratio tends to rise as temperature rises341

while in the central to eastern U.S. and the northwest the Bowen ratio tends to decrease as342

temperature rises. In winter across most of the U.S. the Bowen ratio tends to decrease as343

es, i.e. temperature, rises.344

Away from the southwest, the winter relations between Bowen ratio and es and ea can be345

understood in terms of atmospheric driving. During this season of low evapotranspiration346

and high surface moisture availability, a warm anomaly (of whatever origin) will cause an347

increase in es, an increase in latent heat flux, a drop in the Bowen ratio, and an increase in348

ea. The east-west correlation contrast in summer probably reflects the east-west high-low349

precipitation/dryness contrast. That is, the eastern half receives considerable precipitation350

in summer and generally has ample surface moisture supply while the west receives little351

summer precipitation and the surface dries in summer. As such, warm temperature anomalies352

can drive higher latent heat flux and lower Bowen ratio during summer in the eastern half of353

the country. In contrast, across the west throughout the year, moisture is in shorter supply354

and drying (due for example to a precipitation reduction) can cause a reduction in latent355

heat flux and both an increase in Bowen ration and warming as sensible and long wave heat356

flux rise to balance incoming solar radiation while latent heat flux is reducing. The Bowen357

ratio-temperature and es correlations are, therefore, driven by the atmosphere in the east358

and by the land surface in the west.359

The correlation between V PD and Bowen ratio combines the influences of the correlations360

of Bowen ratio with es and ea. Over the west, in winter, an increase in latent heat flux drives361

a drop in Bowen ratio, an increase in ea and drop in V PD. Further east in winter the Bowen362

ratio and V PD are less correlated while in spring there are areas around the Ohio River363

valley of negative correlation. This can be explained if a warm anomaly increases latent heat364

flux and decreases the Bowen ratio and at the same time causes es to rise by more than ea365
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thus increasing the V PD. In the summer, by contrast, V PD and Bowen ratio are positively366

correlated essentially everywhere but this is for different reasons in the central to eastern367

U.S. and the west because of the opposite sign correlations between es and Bowen ratio. In368

the moist central to eastern U.S., an increase in surface moisture (say, due to an increase in369

precipitation) can cause an increase in latent heat flux and a drop in Bowen ratio but an370

increase in ea and a drop in V PD. The positive V PD- Bowen ratio relation is, however,371

much stronger in the dry west. Here a decrease in surface moisture (say, due to a decrease372

in precipitation) causes a decrease in latent heat flux and an increase in Bowen ratio but373

also an increase in surface temperature and es (as less of the incoming solar is balanced by374

latent heat flux) and a decrease in ea and, hence, an increase in V PD.375

Hence it might be expected that V PD will rise following a period of reduced precipitation376

that dries the surface. In contrast changes in atmospheric circulation that cause warming377

and/or drying of surface air will near instantaneously cause an increase in V PD. Thus the378

land surface and atmospheric circulation mechanisms of altering V PD can work on different379

timescales with the former offering potentially longer term predictability.380

7. Relation of Southwest and Colorado region V PD to381

the combined effects of land surface and atmospheric382

conditions383

To illustrate the effects of land surface and atmospheric conditions we conducted a mul-384

tiple linear regression of V PD, Bowen ratio and 700mb geopotential height all averaged over385

the Southwest box and a Colorado box (109◦−101◦W, 37◦−41◦N). The Colorado region was386

chosen as it encompasses the area of the 2002 Hayman fire discussed below. First we used387

linear regression to determine the relation between V PD and Bowen ratio, B, as follows:388

389

V PD(t) = V PDB(t) + ǫ(t) = aB(t) + c + ǫ(t) (10)

where V PDB(t) is the V PD reconstructed on the basis of B alone and ǫ is the unexplained390

residual. We then performed a multiple regression between V PD, B and the 700mb geopo-391
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tential height H , as follows:392

393

V PD(t) = V PDBH(t) + ǫ′(t) = a′B(t) + b′H(t) + c′ + ǫ′(t) (11)

where V PDBH(t) is the V PD reconstructed on the basis of B and H , the values of a′ and a394

and c′ and c need not be the same and ǫ′ is the residual unexplained by the multiple regression.395

The time series of AMJ seasonal means of V PDB, V PDBH and the actual AMJ V PD are396

shown in Figure 7 for the Southwest and Colorado area averages. The reconstructions of397

V PD based on Bowen ratio alone are not very accurate but the reconstructions based on398

Bowen ratio (the land surface influence that builds in prior precipitation) and geopotential399

height (the contemporary atmospheric circulation influence) are reasonably accurate. Bowen400

ratio and geopotential height together explain 70% and 59% of the variance of AMJ seasonal401

means of V PD in the southwest and Colorado regions, respectively. Not shown here, but402

the explained variances were only slightly weaker for summer JAS seasonal means. We are403

not proposing that such a simple model be used as a potential means for predicting V PD404

in early fire season but simply wish to better illustrate the land surface and atmosphere405

controls on V PD. It is quite likely that a more extensive search for predictor variables will406

lead to better relations than shown here.407

8. Trends in V PD across the U.S.408

Next we consider whether there are long term trends in V PD and its contributors.409

Trends are evaluated via a straightforward least squares regression of seasonal mean V PD,410

es and ea for the 1961 to 2012 period and results are shown in Figure 8. Trends in es411

are overwhelmingly positive in all seasons, strong in the spring and summer and especially412

strong in the southwest. These reflect warming trends. In contrast the trends in actual413

vapor pressure, ea, are not uniformly positive. ea has been rising in the southeast in fall,414

in the south central U.S. in winter, across the whole eastern U.S. in spring and the whole415

eastern U.S. plus northern Plains in summer. However, ea has actually been falling in the416

southwest in summer, as noted before by Isaac and van Wijngaarden (2012) using station417

data from 1948 to 2010. As a consequence of the rise in es and drop in ea there has been418
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a strong trend to increased V PD in the southwest in spring and summer. Elsewhere in the419

west in summer V PD has also increased due to the rise in es. In the northern Plains (and420

to a lesser extent across the north U.S.) V PD has actually decreased as ea has risen but es421

(and hence temperature) has stayed steady. These trends in the West are consistent with422

identified trends in wildfires (Dennison et al. 2014).423

9. Changes in V PD up to and during the June 2002424

Hayman and Rodeo-Chediski fires425

As mentioned in the Introduction, a main motivation of this paper is the previously426

demonstrated importance of V PD to the occurrence of forest fires in the western U.S. Two427

important fires of the past decade are the Rodeo-Chediski fire in Arizona and the Hayman428

fire in Colorado, both of which began in June 2002, in the heart of a major multiyear western429

drought (Seager 2007; Weiss et al. 2009; Cayan et al. 2010). The Rodeo-Chediski fire burned430

from June 18 to July 7 2002 and burned 189,095 hectares of ponderosa pine and mixed431

conifers in northern Arizona, worse than any previous recorded Arizona fire (Schoennagel432

et al. 2004). The Hayman fire was smaller and burned 55,915 hectares to the southwest433

of Denver beginning on June 9 2002 (Schoennagel et al. 2004) and remains the worst fire434

in recorded Colorado history. Further, based on dendroecological records Williams et al.435

(2013) found 2002 to be the most severe year for forest drought stress in the Southwest since436

at least 1000 C.E. These facts motivate the presentation here of meteorological conditions437

and V PD anomalies in the months preceding the June 2002 fires.438

Figure 9 shows conditions during the previous winter, JFM 2002, in terms of standardized439

anomalies. Very high V PD was evident across the southwest in JFM 2002 with maximum440

values in Arizona but not widespread in Colorado. Precipitation was below climatological441

normal across almost all of western North America. The Bowen ratio was high in the interior442

southwest in Arizona, New Mexico and Colorado consistent with a drier than normal land443

surface. Subsidence was also widespread across western North America occurring within444

northwesterly flow. All of these prior winter conditions are conducive to elevating fire risk445
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with both land surface and atmospheric drying being responsible. Figure 10 shows the same446

conditions for AMJ 2002. By spring high V PD anomalies had spread across the western U.S.447

centered on Arizona, New Mexico, Utah and Colorado, reaching three standard deviations448

in most locations. Precipitation was also below normal by two or more standard deviations449

across the western U.S. and the Bowen ratio was elevated by two or more standard deviations450

across the southwest. Unlike in the previous season, a southwesterly flow anomaly was451

associated with anomalous ascent. The precipitation, land surface conditions and V PD state452

remained conducive to elevated fire risk as in the previous season. These relations, within453

the context of two specific historic fires, support the idea of V PD exerting an influence on454

fire and also the influence of contemporary and prior atmosphere and land surface conditions455

on the V PD.456

10. Conclusions457

To our knowledge this is the first comprehensive study of vapor pressure deficit (V PD)458

which was recommended by Anderson (1936) as a more useful measure of the moisture459

state of the atmosphere than relative humidity (RH). Unlike RH , for which the same value460

can be associated with very different moisture conditions depending on the air temperature,461

V PD is an absolute measure of the moisture deficit of the atmosphere. Hence, V PD, is462

more closely related to the water stress on vegetation. Indeed, prior work has shown the463

relationship between V PD variability and burned forest area in the southwest U.S (Williams464

et al. 2014b). That relation is the prime motivation for this study since it makes clear that465

a better understanding of the climatology, variability and trends of V PD is needed.466

• V PD follows a notable seasonal cycle with minimum values in the winter and maximum467

values in the summer. This is controlled by both the seasonal cycles of temperature468

and humidity. Because of the development of the subtropical anticyclones, which469

moisten the eastern U.S. and dry the western U.S., actual vapor pressure has a summer470

maximum in the southeast but remains low in the west. In contrast, saturation vapor471

pressure in summer maximizes in the interior southwest, southern and central Plains472

and the southeast. Combining these influences, V PD in summer is far greater in the473
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west than in the east. V PD reaches its all-U.S. maximum in summer at the California-474

Arizona border but more general maxima extend across the southwest U.S.475

• The variance of V PD has a minimum in fall and then strengthens into winter and476

then to spring and to summer. The southwest and the southern Plains stand out as477

maxima of variance in spring and summer. The V PD variance quite closely tracks the478

saturation vapor pressure variance but the southwest and the southern Plains are also479

regions of relatively strong variance of actual vapor pressure. Hence it appears that480

V PD variability can be influenced by both thermodynamic and dynamic processes.481

• High V PD in the interior southwest U.S. is associated with La Niña conditions in482

the tropical Pacific Ocean in fall, winter and spring. This association works via ocean483

forcing of circulation anomalies that involve high pressure and northerly, subsiding484

flow over the southwest. Such flow warms, increasing saturation vapor pressure, and485

dries, decreasing actual vapor pressure, and, hence, causes V PD to increase. Summer486

V PD anomalies in the southwest are controlled by more local circulation anomalies487

that influence saturation vapor pressure.488

• High V PD in spring and summer can also be caused by an increase in Bowen ratio,489

that is an increase in sensible heat flux relative to latent heat flux, although the causes490

of this are distinct in the eastern and western U.S. In the western U.S. low surface491

moisture, following a drop in precipitation for example, can cause an increase in Bowen492

ratio and V PD.493

• A case study of conditions in advance of the June 2002 Rodeo-Chediski and Hayman494

fires in Arizona and Colorado, respectively, shows very high V PD that was caused495

by precipitation drops, an increase in Bowen ratio and anomalous subsidence in the496

preceding months. This reveals the complexity of meteorological processes that can497

increase drying of the land surface and vegetation and set the stage for serious fires.498

• Since 1961 V PD has increased notably across the western U.S. with the strongest499

increases in the southwest. These trends have been primarily driven by warming that500

increases the saturation vapor pressure but have also been contributed to by a decrease501
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in actual vapor pressure. Actual vapor pressure has increased elsewhere in the U.S.502

such that V PD has declined in the northern Plains and midwest.503

This is the first comprehensive study of vapor pressure deficit since Anderson (1936)504

argued for its use instead of relative humidity as a measure of the moisture state of the505

atmosphere. As an absolute measure of the difference between actual and potential water506

vapor holding capacity of the atmosphere, V PD is a useful indicator of the ability of the507

atmosphere to extract moisture from the land surface and, hence, is of relevance in studies of508

the links between meteorological conditions and forest fires. Here we have sought to achieve509

a basic understanding of the climatology and variability of V PD across the United States510

and have explained these in terms of atmospheric and land surface conditions. Future work511

will investigate closely the links between fires and V PD variability and the surface and512

atmospheric conditions that control them.513
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Climatology of Vapor Pressure (VP)

VP Difference (left), Saturation VP (middle), Actual VP (right)
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Fig. 1. The climatology of vapor pressure deficit V PD (left), saturation vapor pressure
es (middle) and actual vapor pressure ea (right) for the October to November (fall, top),
December to February (winter, upper middle), March to May (spring, lower middle) and
June to July (summer, bottom) seasons. Units are hPa (or mb).
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Variance of Vapor Pressure (VP)

VP Difference (left), Saturation VP (middle), Actual VP (right)
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Fig. 2. Same as Figure 1 but for variances. Units are hPa squared.
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Variance/Climatology of Vapor Pressure (VP)

VP Difference (left), Saturation VP (middle), Actual VP (right)
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Fig. 3. Same as Figure 2 but with the variances divided by the climatological values.
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Fig. 4. Areas burned over 1984 to 2011 marked as brown on top of forest areas marked as
green. Data from the Monitoring Trends in Burn Severity program.
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Correlation of Vapor Pressure (VP) on SSTA (colors), 700 mb Heights (contours)

VP Difference (left), Saturation VP (middle), Actual VP (right)
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Fig. 5. The correlations between V PD (left), es (middle) and ea (right) in the U.S. South-
west and 700hPa geopotential heights (contours) and SST (colors) anomalies for fall (top),
winter (upper middle), spring (lower middle) and summer (bottom).
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Correlation of Bowen Ratio with Vapor Pressure (VP)

VP Difference (left), Saturation VP (middle), Actual VP (right)
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Fig. 6. The correlations between Bowen ration and V PD (left), es (middle) and ea (right)
for fall (top), winter (upper middle), spring (lower middle) and summer (bottom).
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Fig. 7. The actual V PD for AMJ and its reconstruction via linear regression based on
AMJ Bowen ratio alone (Vb) and both AMJ Bowen ratio and AMJ 700mb geopotential
height (Vbh).
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Trend of Vapor Pressure (VP) 1961-2012/2013

VP Difference (left), Saturation VP (middle), Actual VP (right)
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Fig. 8. Linear trends in V PD, es and ea for 1960 to 2012 for fall (top), winter (upper
middle), spring (lower middle) and summer (bottom). Units are hPa change over the 53
year period.
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JFM 2002

a) VPD b) Precipitation
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Fig. 9. Conditions in the winter before the Rodeo-Chediski and Hayman fires of June 2002.
Shown for JFM 2002 are the standardized anomalies of V PD (upper left), precipitation
(upper right), Bowen ratio (lower left) and 700mb vertical velocity (colors) and geopotential
heights (contours) (bottom right).
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AMJ 2002

a) VPD b) Precipitation
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Fig. 10. Same as Figure 9 but for AMJ 2002.
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