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Abstract.  This study focuses on responses of mesospheric water vapor (H2O) to the solar cycle 25 

flux at Lyman-α wavelength and to wave forcings according to the multivariate ENSO index 26 

(MEI).  The zonal-averaged responses are for latitudes from 60°S to 60°N and pressure-altitudes 27 

from 0.01 to 1.0 hPa, as obtained by multiple linear regression (MLR) analyses of time series of 28 

H2O from the Halogen Occultation Experiment (HALOE) for July 1992 to November 2005.  The 29 

solar responses change from strong negative H2O values in the upper mesosphere to very weak, 30 

positive values in the tropical lower mesosphere.  Those response profiles at the low latitudes 31 

agree reasonably with published results for H2O from the Microwave Limb Sounder (MLS).  The 32 

distribution of seasonal H2O amplitudes corresponds well with that for temperature and is in 33 

accord with the seasonal net circulation.  In general, the responses of H2O to MEI are anti-34 

correlated with those of temperature.  H2O responses to MEI are negative in the upper 35 

mesosphere and largest in the northern hemisphere; responses in the lower mesosphere are more 36 

symmetric with latitude.  The H2O trends from MLR for the lower mesosphere agree with those 37 

reported from time series of microwave observations at two ground-based network stations. 38 

39 
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1.  Introduction 40 

Distributions and trends of water vapor (H2O) and from numerical models are available as a 41 

function of altitude and latitude for the middle atmosphere [e.g., Garcia et al., 2007; Marsh et 42 

al., 2007; Schmidt et al., 2006].  Remsberg [2010] reported on long-term variations of H2O in the 43 

mesosphere observed with the Halogen Occultation Experiment (HALOE) instrument [Russell et 44 

al., 1993; Grooss and Russell, 2005] that operated aboard the Upper Atmosphere Research 45 

Satellite (UARS), as a useful diagnostic of the performance of the radiative-chemical-transport 46 

models.  Results of a similar study for the low latitudes are in Nath et al. [2017], based on H2O 47 

from the Microwave Limb Sounder (MLS) of the AURA satellite.  The present study is a re-48 

analysis of the HALOE H2O time series with the goal of quantifying its responses to dynamical 49 

and solar cycle forcings throughout the mesosphere and for comparison with results from MLS. 50 

 51 

Figure 1 shows the annual average distribution of the H2O mixing ratio from HALOE between 52 

60°S and 60°N latitude and from 0.01 to 1.0 hPa, and it is representative of the time span of 1992 53 

through 2005.  The data for Fig. 1 are from the constant terms of multiple linear regression 54 

(MLR) analyses of a set of time series of HALOE H2O at specified latitudes and pressure-55 

altitudes.  Notable features of the distribution are its maximum of ~6.6 ppmv at 7.5°S and 0.05 to 56 

0.07 hPa plus a nearly symmetric decrease toward higher latitudes in both hemispheres.  The 57 

rapid decrease of H2O from 0.05 hPa to near the mesopause is due to photolysis by the solar flux 58 

at Lyman-α (Ly-α) wavelengths.  Smaller, annual average H2O values at higher latitudes are 59 

from the seasonal effects of a net meridional transport of the low mixing ratios in the uppermost 60 

mesosphere toward polar latitudes followed by descent in the winter hemisphere.  The H2O 61 

maximum is a result of the nearly complete oxidation of methane (CH4) to H2O during ascent at 62 

low latitudes of air from the upper stratosphere to the middle mesosphere, as added to the 63 

underlying H2O entering into the tropical lower stratosphere.  Mixing and dissipation of 64 

planetary and gravity waves act to reduce the gradients of H2O within Fig. 1. 65 

 66 

Nicolet [1981] calculated that there should be a greater loss of H2O in the upper mesosphere at 67 

solar maximum, due to enhancements of the flux at Ly-α.  Previous analyses of H2O from 68 
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HALOE show the enhanced loss at solar maximum [Chandra et al., 1997; Randel et al., 2000; 69 

Hervig and Siskind, 2006; Nedoluha et al., 2009; Remsberg, 2010].  Numerical model results of 70 

the response of H2O over the solar cycle agree reasonably with those observed findings [Garcia 71 

et al., 1984; Schmidt et al., 2006; Marsh et al., 2007].  Remsberg [2010] thought that the 72 

responses of H2O to the solar cycle forcing might also experience aliasing by decadal-scale 73 

dynamical effects.  Therefore, he fit an 11-yr sinusoid to the HALOE H2O data series and 74 

checked to see if its phase was anti-correlated with the solar flux.  Although a sinusoid is merely 75 

an approximation for the flux variations, he found that the decadal-scale variations of H2O were 76 

anti-phased with solar cycle maximum in the upper mesosphere, as expected.  Yet, his 11-yr H2O 77 

maximum appeared to lag solar cycle minimum by 1-2 years in the tropical middle mesosphere.  78 

The present re-analyses make use of the more appropriate, solar Ly-α flux time series and 79 

include a term to account for modulation of upward propagating waves and their dissipating 80 

effects related to variations of the El-Nino/Southern Oscillation (ENSO) index. 81 

 82 

Section 2 reviews characteristics of the HALOE H2O and of the MLR model used for the re-83 

analysis of its data time series.  Section 3 reports on a hemispheric asymmetry of the annual 84 

cycle amplitudes for both H2O and temperature, an indication of differences in the net transport 85 

in the two hemispheres.  Section 4 shows significant responses in the northern hemisphere for 86 

both temperature and H2O to the wave activity associated with ENSO.  Section 5 contains the 87 

updated results of the responses of H2O to the solar forcings and extends those findings through 88 

the lower mesosphere.  Section 6 shows the associated H2O trends and compares them with ones 89 

reported by Nedoluha et al. [2017] for 1992-2005 from two ground-based microwave radiometer 90 

sites.  Section 7 comments on results from a separate simultaneous temporal and spatial (STS) 91 

analysis method that accounts for diurnal effects and for any biases due to changes in the 92 

sampling with latitude from HALOE.  Section 8 compares the current HALOE results with those 93 

of MLS of Nath et al. [2017] and with the initial HALOE analyses of Remsberg [2010].  Section 94 

9 summarizes the primary findings of the present study.       95 
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2.  Data characteristics and analysis methods 96 

The HALOE Version 19 (V19) H2O data are described in Kley et al. [2000] and in Gordley et al. 97 

[2009], particularly in terms of their suitability for trend studies and for obtaining responses to 98 

the solar cycle flux.  The HALOE instrument obtained measurements of atmospheric 99 

transmission through the Earth atmosphere limb via solar occultation.  Its retrieved H2O mixing 100 

ratio profiles have a vertical resolution of ~2.3 km.  Individual transmission profiles are sensitive 101 

to detector noise and any tracking jitter, or small variations in the measurement scan angles.  102 

Retrieved H2O profiles exhibit pronounced structure in the mesosphere because the transmission 103 

data are noisy and the limb absorption in the H2O channel at 6.6 μm is due to strong, nearly 104 

saturated lines.  Effects of the noise become smaller after taking averages of the retrieved sunrise 105 

(SR) or sunset (SS) H2O profiles, as they occur across several successive days and within a 106 

latitude bin.  A bin width of 15° having a minimum of five profiles yields representative zonal 107 

mean results, as gradients of H2O within a bin tend to be small and variations at a pressure level 108 

are mainly due to random error.  Most times, the SR and SS profiles occur days apart and 109 

alternate for a given 15°-wide latitude zone, according to the orbital geometry for the occultation 110 

sampling by HALOE.  Those SR and SS occurrences have an average spacing of about 23 days, 111 

which is often enough for resolving the semi-annual and longer period cycles.  There is no 112 

adjustment made for a systematic SR/SS difference in the H2O data time series.  113 

 114 

The bin-averaged HALOE H2O is in terms of 104 individual time series for analysis, at eight 115 

latitude bins (with central latitudes of 52.5°S to 52.5°N spaced every 15°) and at thirteen 116 

pressure-altitudes (0.01 to 1.0 hPa).  There are anomalies in a few of the retrieved HALOE H2O 117 

profiles due to uncorrected “lockdown” and “trip angle” effects, the latter most notably for SR 118 

profiles in November 1991 and April 1992 and also intermittently from 2001-2003.  Those 119 

anomalous profiles are not included in the present analyses; a list of them is located at the 120 

HALOE Website (http://haloe.gats-inc.com/home/index.php/) under the menu item “Two 121 

Problems in the Data”.  The instruments on UARS also did not take data from early June and 122 

into July of 1992.  There are also fewer H2O data in the lower stratosphere prior to July 1992 due 123 

to attenuation of signal for the HALOE solar tracker as it scanned across the Pinatubo aerosol 124 

http://haloe.gats-inc.com/home/index.php/
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layer [Remsberg et al., 1996].  Accordingly, the HALOE data time series have a start time of 125 

July 1992 for the current study. 126 

 127 

The MLR analysis modeling for H2O mixing ratio for a given latitude bin and pressure is 128 

analogous to that of Remsberg [2010] and is as follows. 129 

             H2O (t) = α(t) + β*t + γ*Lya(t) + δ*ENSO(t) + residual(t)   ,  Eq. (1) 130 

where α(t) = Const. + Σi=1,3 [Ai cos ωit + Bi sin ωit ], and ωi has periods of 6, 12, and 28 months 131 

for semi-annual (SAO), annual (AO), and QBO-like cycles, respectively.  The two periodic, 853 132 

day (~28 month) terms are fit to the H2O data at a given latitude and pressure-altitude to account 133 

for effects of the QBO-like forcings that occur more regularly in the upper stratosphere and 134 

mesosphere [Baldwin et al., 2001], which differs from the more customary proxy time series of 135 

observed tropical QBO winds of the lower stratosphere.  The sine and cosine functions of each 136 

periodic term have transforms to single principal angle terms, giving their amplitude and phase.  137 

The remaining terms are a Constant, a linear trend (Lin or β), a normalized, solar Ly-α flux 138 

proxy (Lya or γ), and a multivariate ENSO index or MEI proxy (ENSO or δ).  No effects from 139 

the eruption of Mt. Pinatubo of June 1991 [e.g., She et al., 1998; Lee and Smith, 2003] are 140 

apparent in the H2O model residuals; thus, no volcanic proxy term is included. 141 

 142 

Figure 2 is an example MLR model fit to the data time series of SR and SS points at 37.5±7.5°N 143 

latitude and at 0.015 hPa.  The oscillating curve is the combination of all the terms, while the 144 

straight line is the sum of just the Constant and Lin terms.  Singular value decomposition (SVD) 145 

methods determine the coefficients and uncertainties for the terms of the MLR modeling, as in 146 

Remsberg [2010].  Most often, there is a positive memory, or lag-1 autoregressive (AR1) 147 

character for the bin-averaged time series data.  That effect is accounted for following the two-148 

step method of Cochrane and Orcutt [1949], as applied to geophysical data (e.g., Tiao et al. 149 

[1990]).  That is, there is an initial fitting of the data to give MLR term coefficients assuming no 150 

memory, or AR1 = 0.  Then a first-order, autocorrelation coefficient (AR1) is determined from 151 

the model minus data residuals, followed by a transformation of each MLR model term to 152 
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account for that lag.  AR1 = 0.10 for the data series in Fig. 2.  Once the AR1 effect is considered, 153 

the analyzed amplitudes are smaller from the transformed periodic terms. 154 

 155 

The current MLR modeling uses a solar cycle flux term based on the proxy time series of Ly-α 156 

flux having units of 1011 photons/cm2/s.  By definition, the Lya term is directly in-phase with 157 

solar activity, whereas the 11-yr sinusoid fit to the data of Remsberg [2010] is an approximation.  158 

The Ly-α flux has a smoothing over 81 days to minimize shorter-term effects from 27-dy solar 159 

rotation cycles, and those smoothed values vary between 3.6 units and 5.9 units.  For 160 

comparison, the corresponding variation of the F10.7 flux proxy is 70 to 220 solar flux units 161 

(sfu).  Figure 3 shows the normalized, quasi-periodic Ly-α flux values that coincide with the 162 

discrete, bin-averaged HALOE SR and SS samplings at 37.5°N from July 1992 to November 163 

2005.  Minimum values are near day 2100 (mid-1996) and maximum values are near day 4100 164 

(early 2002).  For 1991 through early 1992 the smoothed fluxes are larger or of order 6.0 (not 165 

shown in Figure 3), followed by an abrupt drop to about 4.8 by July 1992. 166 

 167 

Figure 4 shows the Multivariate ENSO Index (MEI) that corresponds to the discrete HALOE 168 

H2O values at 37.5°N.  MEI values near day 2500 are of order 3.0 and are associated with the 169 

strong El Nino event of 1997-98.  In effect, El Nino alters the stratospheric temperature and 170 

zonal wind distributions, thereby modifying the upward propagation of tropospheric wave 171 

activity to the mesosphere [Li et al., 2008].  MEI values retain their magnitude and sign for the 172 

MLR modeling, and the responses of H2O have units of % of average H2O MEI-1. 173 

 174 

Table 1 gives the coefficients and standard deviations (σ) of all the terms of the final MLR model 175 

for the time series at 37.5±7.5°N latitude and at 0.015 hPa (Figure 2), along with confidence 176 

intervals (CI in %) indicating the likely presence of each term in the data time series.  Annual 177 

cycle (AO), semi-annual cycle (SAO), Lya, ENSO, and trend (Lin) terms are highly significant 178 

in the data series.  Only the QBO-like term has little significance.  Maximum values occur in 179 

mid-summer at this latitude.  The H2O response to Ly-α forcing is anti-phased, and the response 180 
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to the ENSO term is negative.  The coefficient of the linear trend term is positive or increasing at 181 

a rate of 5.0 %/decade. 182 

 183 

An important test for acceptance of the final MLR model is that there be no significant structure 184 

remaining in the data minus model residual series.  One instance where the model of Eq (1) is 185 

deficient is for the time series at 22.7°S and 0.03 hPa.  Figure 5 shows that the data points are not 186 

fit well by the model terms for the latter part of 2002.  There was a large, planetary wave-1 187 

anomaly in the mid to upper mesosphere of the southern hemisphere in September 2002, related 188 

to a rare, mid-winter stratospheric warming/mesospheric cooling event [Palo et al., 2005].  Low 189 

H2O values are also present in the time series for 0.02 and 0.05 hPa at the same latitude and 190 

season (not shown).  However, the Eq. (1) does not include a proxy term for an episodic event.  191 

The climatological average contours of Figure 1 show that there are significant meridional 192 

gradients for H2O at middle latitudes of the middle to upper mesosphere.  While there must have 193 

been equatorward transport of low H2O values to 22.7°S for 2002, this report does not analyze 194 

that event further. 195 

 196 

3.  Analyzed seasonal and interannual responses 197 

Seasonal variations with latitude in the upper mesosphere come from the effects of the large-198 

scale meridional circulation that is upward in the summer hemisphere and downward in the 199 

winter hemisphere.  Figure 6 is the distribution of the AO amplitudes (as a percentage of the 200 

Constant term) from the MLR models.  AO amplitudes are smallest at low latitudes, but with a 201 

minimum response of between 3 to 5% centered near 10°S.  The corresponding distribution of 202 

semi-annual (SAO) H2O amplitudes (not shown) is more symmetric about the Equator with 203 

minimum values in the subtropics, in accord with Remsberg [2010, his Figure 4].  In general, the 204 

AO and SAO terms have a CI > 95% in the upper mesosphere, and their respective amplitude 205 

distributions agree with those found by Lossow et al. [2008] from measurements with the 206 

submillimeter radiometer (SMR) on the ODIN satellite.  The HALOE AO and SAO amplitudes 207 

are weak across 60°S to 60°N for the lower mesosphere, where climatological H2O in Figure 1 208 

has almost no spatial gradient and for which the effects wave activity are small. 209 
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 210 

Figure 7 is an update of the HALOE distribution of AO temperature amplitudes in Remsberg 211 

[2007], but based now on MLR analyses using the same set of terms and locations as for H2O.  212 

Fig. 7 shows small values (2 to 3 K) in the tropical upper mesosphere with minimum values 213 

centered near 10°S.  The AO amplitude pattern for temperature is primarily a result of seasonal 214 

radiative forcings from ozone and CO2 and related net transport, while the pattern for H2O 215 

confirms the role of the net seasonal circulation and the effects of wave dissipation and mixing.  216 

Further, since H2O has a large vertical gradient in the uppermost mesosphere, its minimum AO 217 

value in Fig. 6 implies a near-zero, annual average vertical transport at the low latitudes.  The 218 

results of both Figures 6 and 7 ought to be useful diagnostics of the quality of climate model 219 

simulations for the mesosphere. 220 

 221 

The QBO-like term has amplitudes (not shown) that are of order 1 to 1.5% in the tropics; smaller 222 

values occur from the subtropics to middle latitudes.  Amplitudes are largest at high latitudes of 223 

the northern hemisphere and at 7.5°N near the mesopause, although they are not significant at 224 

either location.  In general, this dynamical forcing term is of minor importance for the MLR 225 

modeling of both H2O and temperature in the mesosphere. 226 

 227 

4.  Responses of temperature and H2O to the ENSO index 228 

Mesospheric temperatures at high latitudes are warm in winter and cold in summer.  Large-scale 229 

transport in that region occurs according to a residual mean meridional circulation having 230 

maximum values near 75 km, moving toward the winter hemisphere, and descending at the Pole 231 

(e.g., see Fig. 7.4 of Andrews et al. [1987]).  Both planetary and gravity waves propagate to the 232 

mesosphere in the presence of zonal westerlies in the late fall and winter seasons, and wave 233 

activity is greater during the warm phase (positive MEI) of El Nino [Li et al., 2016].  That wave 234 

activity dissipates in the upper mesosphere, causing a drag on or slowing of the net circulation 235 

and leading to downwelling (and warming) in the tropics and upwelling (and cooling) at middle 236 

and high latitudes [Li et al., 2013; 2016]. 237 
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 238 

The HALOE temperature response distribution to MEI is in Figure 8.  Values are generally 239 

positive in the tropical middle mesosphere and at middle latitudes of the upper mesosphere.  240 

Responses of 0.6 to 0.8 K/Mei near 75 km at 20°N in Fig. 8 are similar to the annual-average 241 

results (~1 K/Mei) from lidar measurements at Hawaii (19°N) in Li et al. [2008, their Figure 7].  242 

The changeover from 0.8 K/Mei in the tropics to -0.8 K/Mei in the extratropics at about 65 km in 243 

Fig. 8 also agrees with the pattern of observed findings, as reported by Li et al. [2013; 2016] 244 

from wintertime data of the Sounding of the Atmosphere using Broadband Emission Radiometry 245 

(SABER) experiment.  However, Fig. 8 is an average estimate for the HALOE period, so the 246 

overall effects from Mei are for both southern and northern hemisphere winters.  The somewhat 247 

larger negative responses at 0.1 hPa and NH middle latitudes implies greater wintertime wave 248 

activity in that region, most likely related to midwinter stratospheric warming events.   249 

 250 

H2O is a tracer molecule for the mesosphere, and its observed responses to MEI should indicate 251 

the effects of wave activity on the net circulation, too.  Figure 9 displays the responses of H2O 252 

(as percentages of the climatological values in Fig. 1) to the MEI index for mid-1992 through 253 

2005.  Those responses are most negative (for positive MEI) in the upper mesosphere of the 254 

northern hemisphere, particularly in the subtropics.  This region is where the wave dissipation 255 

exerts a drag on the net circulation and slows the transport of higher H2O mixing ratios from the 256 

summer to the winter hemisphere.  Weaker negative responses occur at southern hemisphere 257 

latitudes across the rather narrow pressure range of 0.04 to 0.02 hPa.  The results in Figs. 8 and 9 258 

show that the responses of H2O are anti-correlated with those of temperature and are due, 259 

presumably, to corresponding anomalies for the residual meridional circulation.  The responses 260 

of temperature to MEI display good hemispheric symmetry and indicate the effects of waves on 261 

the larger-scale diabatic circulation.  The responses of H2O in the upper mesosphere are not 262 

symmetric but are clearly larger and more significant for the northern hemisphere.  Conversely, 263 

the responses are smaller, more symmetric, yet still significant at middle latitudes of the lower 264 

mesosphere. 265 

 266 
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Figure 10 presents climatological H2O distributions from HALOE based on their Constant, AO, 267 

and SAO terms for mid-January (at top for day 15) and for mid-July (at bottom for day 198).  268 

The two panels show the large H2O differences at solstice with lowest values in the upper 269 

mesosphere in winter.  Schmidt et al. [2006] and Marsh et al. [2007] show very similar 270 

winter/summer distributions from their climate model simulations.  Note, however, that the 271 

meridional gradients of H2O in Fig. 10 for the winter hemisphere are larger in northern 272 

hemisphere (NH) than in the southern hemisphere (SH), related possibly to the asymmetry in the 273 

AO amplitudes across the two hemispheres (Fig. 6).  Meridional wave mixing processes will be 274 

more effective for the net transport of H2O in the NH.  Further, the responses to MEI are smaller 275 

in Fig. 9 for the lower mesosphere, where the meridional H2O gradients are small in Fig. 10. 276 

 277 

MLR analyses of CH4, a companion tracer of H2O, yield responses that are also significant but 278 

positive at 0.7 hPa across all latitudes (Table 2—top rows).  Inclusion of the ENSO term 279 

improves the MLR model fit to the time series of HALOE CH4 data shown earlier by Remsberg 280 

[2015].  Such anti-correlated responses between CH4 and H2O are because the mixing ratio 281 

gradients for CH4 are opposite those of H2O from Equator to Pole near the stratopause.  In 282 

summary, the response distribution of H2O in Fig. 9 represents further evidence for the combined 283 

roles of planetary and gravity wave forcings and the effects of their dissipation for transport and 284 

mixing in the mesosphere. 285 

 286 

5.  Responses of H2O to solar forcings 287 

One ought to be able to gain quantitative estimates of the responses of H2O in the upper 288 

mesosphere to variations of the Ly-α flux from a single, 11-yr solar cycle because the associated 289 

trends for H2O in that region are small in comparison and will have almost no effect on the 290 

analyzed H2O coefficients of the Lya terms.  Figure 11 shows the distribution of the annual 291 

average response of H2O to the maximum minus minimum forcings of the Ly-α flux (as a 292 

percentage of the annually averaged, or the constant terms of Figure 1).  That response is 293 

uniformly negative in the upper mesosphere because of photolysis from the enhanced Ly-α flux 294 

at solar maximum.  Smallest responses occur at the low latitudes, where the Sun is more nearly 295 
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overhead in the annual average.  We do not show H2O responses to solar max minus min for 296 

solstice because the terms of the MLR analyses are not from time series of just that season. 297 

 298 

The distribution in Figure 11 indicates that the responses decline to zero at about 0.1 hPa and 299 

then change to weakly positive in the low to middle mesosphere in the SH tropics and subtropics.  300 

Solar responses are negative throughout the northern hemisphere, perhaps a result of dynamical 301 

effects that are a somewhat larger in that region and may be overwhelming them.  Even though 302 

the positive and negative responses are of small amplitude and not highly significant, their 303 

patterns are the result of separate MLR analyses at each latitude and pressure-altitude location.  304 

Continuity of the responses to Ly-α across that region is an indicator of the fidelity of the 305 

distribution in Fig. 11. 306 

 307 

Positive responses at solar flux maximum occur from the greater production of O (1D) and ozone 308 

following the UV-photolysis of O2 in the Schumann-Runge bands and in the Herzberg 309 

continuum or the wavelength range of 190 < λ < 235 nm [Nicolet, 1981].  O (1D) reacts with 310 

H2O and H2 and with CH4 in the upper stratosphere, generating odd hydrogen (HOx = OH + HO2 311 

+ H).  Both CH4 and H2 then react with OH to give H2O [Brasseur and Solomon, 2005].  The 312 

combination of CH4 and OH gives formaldehyde (CH2O) and H2O, and CH2O reacts to produce 313 

H2O, as well, via a sequence of reactions [e.g., Remsberg et al., 1984].  As an example, 314 

Natarajan et al. [1981] calculated a decrease of 18% for CH4 at 55 km from a 1-D model having 315 

a top level of 60 km.  They also obtained increases at that level of order 20% for O, O (1D), and 316 

HOx and an increase of 9% for H2O at solar maximum. 317 

  318 

Separate MLR analyses for the solar cycle response in HALOE CH4 at the 1.0-hPa level (or near 319 

the stratopause) yield ~5 to 12% less CH4  for solar maximum minus minimum from 52.5°S to 320 

7.5°N (with CI ~70%), but 4 to 7% more CH4 for 22.5°N to 37.5°N (see Table 2—bottom rows).  321 

Thus, there is an observed anti-correlation of the responses in HALOE H2O and CH4 at solar flux 322 

maximum in the lowermost mesosphere of the southern hemisphere.  A part of the excess of H2O 323 
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produced at the stratopause undergoes net ascent to the middle mesosphere [Brasseur and 324 

Solomon, 2005].  Note that the upward bulge of the zero response contour in Figure 11 extends 325 

to 0.1 hPa or near to the location of the H2O maximum in Figure 1. 326 

 327 

6.  Linear trends in H2O 328 

Figure 12 is the distribution of the associated linear trends for H2O (in %/decade), as analyzed 329 

with the MLR models.  While there are significant, positive trends of > 1.5 %/decade through 330 

most of the mesosphere at the middle latitudes, the trends at the low latitudes are small (within 331 

±1.5 %/decade from about 25°S to 25°N latitudes) and not significantly different from zero.  332 

They are also small (less than about 1.5 %/decade) in the lowermost mesosphere even at the 333 

middle latitudes.  The H2O trends of Fig. 12 are smaller than the secular trends from the model 334 

study of Garcia et al. [2007] and somewhat smaller than the analyzed trends of the HALOE data 335 

in Randel et al. [2004], both for the time span of 1992-2002.  On the other hand, Nedoluha et al. 336 

[2017] reported on H2O trends at 0.46 hPa for 1996 through 2005 from two ground-based 337 

microwave measurement sites (Mauna Loa, Hawaii at 19.5°N, 204°E and Lauder, New Zealand 338 

at 45°S, 170°E).  Their trends are between ±1 %/decade and are consistent with observed trends 339 

of H2O entering the stratosphere.  Prior to 1996, their H2O trends are increasing in the lower 340 

mesosphere.  Overall, the linear trends of Fig. 12 agree with their reported findings.   341 

 342 

As indicated earlier, a significant fraction of the H2O reaching the lowermost mesosphere comes 343 

from the oxidation of CH4.  CH4 mixing ratios at 0.7 hPa are small, varying between 0.34 and 344 

0.19 ppmv from low to higher latitudes.  Their corresponding MLR analyses yield trends of the 345 

order of 6 %/decade at 0.7 hPa, although they are not highly significant.  Observed trends for 346 

ground-level CH4 were a bit larger than that for the 1980s, but they became variable and 347 

generally smaller in the 1990s and early 2000s [Dlugokencky et al., 2009]. 348 

 349 

The analyzed trends of HALOE H2O in Fig. 12 are significant and greater than 4.5%/decade at 350 

middle to high latitudes of the upper mesosphere.  They are also larger than the observed trends 351 
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for H2O and CH4 in the stratosphere.  One explanation for such large trends is that the Ly-α flux 352 

was sustained and of the order of 6.0 flux units throughout 1991 and early 1992, whereas it only 353 

reached 5.9 units and for just a few months in late 2001 to early 2002.  Thus, it is likely that H2O 354 

was subject to enhanced photolysis prior to the start time of mid-1992 for the present analysis of 355 

the HALOE time series, and the rather large, positive trends at the high latitudes represent a 356 

recovery from lower H2O values of 1991 in that region.  A single linear trend is inadequate for 357 

characterizing that anomaly for the start of the time series. 358 

 359 

7.  Sensitivity to bias errors 360 

Separate analyses using the simultaneous temporal and spatial analyses (STS) method of 361 

Damadeo et al. [2017] indicate whether there are any biases affecting the results of the HALOE 362 

data series.  The STS analyses are for data time series that include seasonal, QBO, Lya, ENSO, 363 

and linear trend terms.  In this model, the QBO variations are according to two orthogonal terms 364 

scaled from variations of the tropical QBO winds, and the solar forcings are according to the 365 

10.7 cm flux proxy.  The solar and ENSO responses and the trends from the STS approach (not 366 

shown) are very similar to those reported in Sections 5 and 6, even the rather large trends of Fig. 367 

12 at the higher latitudes.  Both diurnal (SR/SS) and latitudinal sampling biases are small and not 368 

significant throughout most of the mesosphere. 369 

 370 

An exception is that the STS method reveals systematic SS/SR differences for H2O in the 371 

uppermost mesosphere, although they are not of the same sign across all latitudes.  For example, 372 

separate analyses of the SS and SR time series data at 37.5°N (Fig. 2) yield differences for their 373 

constant terms of -13% (SS minus SR), and where maximum seasonal H2O values tend to be 374 

measured during a SR occultation event.  Conversely, the SS minus SR H2O differences change 375 

sign to +4% in the tropics.  Figure 13 summarizes the H2O differences.  They vary symmetrically 376 

with latitude about the Equator and are anti-correlated with those of temperature.  Such 377 

variations occur in the data, although they are not significant because of the very large random 378 

error for single H2O profiles in the uppermost mesosphere [Harries et al., 1996, their Table 1]. 379 
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 380 

The foregoing SS/SR response variation with latitude seems unphysical for atmospheric H2O, 381 

and it is largest where the vertical gradient of H2O is strongly negative in Fig. 1 (at 0.01 and 382 

0.015 hPa).  The anti-correlation of H2O and temperature in Fig. 13 suggest that these HALOE 383 

H2O responses vary with the phase of the atmospheric temperature tides, which also vary with 384 

latitude.  In addition, tropical SS minus SR H2O becomes negative (-4%) at 0.15 hPa, or just 385 

where SS minus SR temperatures are +6 K.  Such a change with altitude is in accord with the 386 

vertical half-wavelength of the diurnal temperature tide.  Since vertical resolution for HALOE-387 

retrieved H2O is 2.3 km versus ~4 km for its temperature, this mismatch affects the pressure-388 

registration of the H2O transmittance profile and carries over to the retrieval of the H2O mixing 389 

ratio profile.  Simulation studies show that there is also some dampening of vertical temperature 390 

structures due to tides and inversion layers in the HALOE data.  The HALOE retrieval algorithm 391 

for T(p) iterates only three times and does not resolve those structures fully, leading to vertical 392 

variations for retrieved H2O that are of the opposite sign [Remsberg et al., 2002, their Section 5].  393 

While such tropical SS/SR differences are characteristic of the HALOE-retrieved H2O in those 394 

circumstances, an MLR analysis of time series of HALOE SS plus SR H2O data points still 395 

yields representative results for all the terms of the MLR model in Eq. (1).  This is because the 396 

associated AR1 coefficient is slightly negative in that instance, and the two-step, MLR analysis 397 

method corrects for that occurrence. 398 

 399 

Figure 14 shows a time series for the lower mesosphere (0.7 hPa) at 22.5°S, where the trend 400 

coefficient for H2O is small (-0.9 %/decade) and not significant.  The AR1 coefficient is positive 401 

(0.24) from the residuals of the initial MLR fit, indicating some memory at lag-1.  One can also 402 

see that the HALOE H2O data of 1991-92 in Fig. 14 have values that are lower than the linear 403 

trend line by about 0.4 ppmv.  Fueglistaler [2012] also found lower values in the tropics at 10 404 

hPa for total water or the sum of H2O and 2*CH4 in 1991-92.  He traced those values to the 405 

lower H2O that had entered the stratosphere some months before the eruption of Pinatubo.  Thus, 406 

the low values at 0.7 hPa are likely the result of a net ascent of relatively dry air from 10 hPa 407 

with a lag time of a year or so.  Somewhat smaller H2O values at the beginning of the HALOE 408 

data record of Fig. 14 represent a bias or end-point anomaly for the trend term as well as for the 409 
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determination of the coefficient of the Lya term.  Use of the delayed start date of July 1992 410 

reduces the effect of that bias for the analyses herein. 411 

 412 

8.  Comparisons with previous analyses of H2O 413 

Figure 15 shows the seasonal, ENSO, and Lya response profiles from HALOE, as averaged 414 

across the four low latitude bins spanning 30°S to 30°N.  Horizontal bars at selected pressure 415 

levels represent their 1-σ uncertainties.  These average HALOE response profiles compare 416 

reasonably with the ones of Nath et al. [2017, their Figures 5 and 7] for the middle and upper 417 

mesosphere based on AURA MLS data of 2004 to 2015.  There are differences in several 418 

regions, however.  AO amplitudes from HALOE are about 0.1 ppmv and not significant from 0.2 419 

to 0.7 hPa, while those from MLS grow from 0.1 to 0.3 ppmv from the middle mesosphere to 420 

near the stratopause.  Notably, MLS H2O has amplitudes of about 0.3 ppmv for both the SAO 421 

and AO terms, while those from HALOE remain of order 0.1 ppmv.  The AR1 coefficient is ~0.3 422 

near the stratopause, which dampens the HALOE AO and SAO amplitudes by about 30%.  The 423 

data time series from MLS may be more representative of zonal average H2O than are those of 424 

HALOE, especially in the tropics where Kelvin (zonal wave-1) waves occur.  Therefore, we 425 

checked to see whether increasing the minimum number to profiles in a latitude bin from 5 to 8 426 

was affecting our HALOE results, but we found little difference.  It may be that the differing 427 

vertical resolutions and retrieval algorithm approaches for H2O of HALOE and MLS are 428 

contributing to their amplitude differences [e.g., Harries et al., 1996; Lambert et al., 2007]; 429 

further estimates of them are not part of this study.  There is also a notable difference in the H2O 430 

responses to MEI for the uppermost mesosphere.  Nath et al. [2017] report a significant positive 431 

response of 0.1 ppmv/MEI at 0.01 hPa.  Instead, Fig. 15 shows a near zero value for the 432 

coefficient of that term, although it is not significant because the HALOE-retrieved H2O has 433 

large random errors at that pressure-level. 434 

 435 

Initially, Remsberg [2010] used an 11-yr (or SC-like) term in his MLR modeling and reported 436 

finding that H2O had maximum values at solar minimum in the uppermost mesosphere or at 437 

about 5.5 years from January 1991.  He also found that H2O maximum lagged solar minimum by 438 
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up to 2 years in the tropical middle mesosphere (0.15 hPa) but noted that the phase of the 11-yr 439 

term was sensitive to his associated, collinear trend term.  To check about that, we perform 440 

analysis at 7.5°S and 0.15 hPa first using the 11-yr term in the model and then using the Lya 441 

term, both analyses having a start time of July 1992.  Although the respective linear trends are 442 

about equal (-1.4 %/decade), the H2O response to max minus min for the 11-yr term is -4.4% 443 

while the equivalent response to Ly-α is +1.1%.  The H2O model response to Ly-α should be 444 

more accurate because it is insensitive to the trend term and because the Ly-α flux series is a 445 

better representation of the solar flux variations than the 11-yr sinusoid.  On the other hand, the 446 

analyzed H2O response to Ly-α becomes slightly negative (-1.3%) instead of slightly positive 447 

(+1.1%) upon using an analysis start time of day 300 or late 1991 instead of day 547 (July 1992).  448 

This difference represents the effects of the sustained and slightly larger flux values of late 1991-449 

mid 1992, as compared with the fluxes in early 2002. 450 

 451 

9.  Conclusions 452 

Multiple linear regression (MLR) analysis is re-applied to time series of HALOE H2O from July 453 

1992 through November 2005 for the latitudes of 60°S to 60°N and for the mesosphere (0.01 to 454 

1.0 hPa).  Two separate MLR approaches are considered, and both of them analyze all the 455 

relevant terms together rather than using de-seasonalized residuals.  The first MLR model 456 

considers regressing the data separately at each latitude and pressure bin, where the solar cycle 457 

forcing is from the concurrent Ly-α flux time series.  Largest seasonal and solar cycle variations 458 

in H2O occur in the upper mesosphere.  As expected, there is a strong anti-correlation between 459 

H2O and the solar cycle flux forcing.  The second approach is a two-dimensional regression 460 

applied to the HALOE SR and SS data as they occur sequentially, and it accounts for diurnal 461 

effects, data gaps, and any long-term changes in the sampling with latitude of the HALOE 462 

measurements.  The analyzed responses of HALOE H2O to the Ly-α flux have very similar 463 

patterns and magnitudes from both approaches.  We also find good agreement with the 464 

analogous responses at the low latitudes and the middle and upper mesosphere from the MLS 465 

H2O data, as reported by Nath et al. [2017]. 466 

 467 
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H2O is an effective tracer of the seasonal and interannual variations in the mesosphere via its 468 

responses to the net circulation.  Annual cycle variations of H2O and temperature have similar 469 

asymmetries in the upper mesosphere, suggesting hemispheric differences in their dynamical 470 

forcings.  There are also significant negative H2O responses in the northern hemisphere to the 471 

time series of the ENSO index, and they are anti-correlated with those for temperature.  Those 472 

findings indicate the anomalous effects of wave dissipation for the net circulation, particularly in 473 

the upper mesosphere.  The responses of H2O to solar Ly-α forcings are large and anti-phased 474 

throughout the upper mesosphere.  However, that same term also shows very weak, positive H2O 475 

responses in the tropical middle and lower mesosphere at solar flux maximum.  Positive 476 

responses suggest effects of the enhanced photolysis of O2 at solar maximum near the 477 

stratopause, leading to the oxidation of CH4 and generation of H2O, and followed by a net 478 

vertical transport to the tropical middle mesosphere.  The associated H2O trends are near zero 479 

from HALOE for 1992 to 2005 and agree reasonably with separate, published observational 480 

trends for H2O and for its stratospheric source gas CH4.  Findings from these re-analyses ought 481 

to be useful diagnostics for the verification of chemistry-climate models of the mesosphere. 482 
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Table 1.  Coefficients and Confidence Intervals of MLR H2O Model Terms for 37°N, 0.015 hPa 662 

  663 

Term Coefficient (ppmv) Std. Dev., σ (ppmv) CI (%) 

Constant 3.65 --- --- 

Annual (AO)              -1.34 0.12 99 

Semi-annual (SAO) 0.40 0.07 99 

QBO-like (QBO)              -0.02 0.07 22 

Solar flux (Lya)#              -0.56 0.05 99 

MEI (ENSO)#              -0.26 0.06 99 

Linear Trend (Lin)* 0.18 0.03 96 

 664 

*Coefficient and σ of Lin term are in units of ppmv-decade-1.  #Solar flux and MEI coefficients 665 

have units of ppmv but are with respect to normalized (-1 to +1) proxy time series. 666 

 667 

668 
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Table 2.  Methane response (CH4 in % MEI-1) at 0.7 hPa to forcings according to the ENSO 669 

index and CH4 response (in %) at 1.0 hPa to solar max minus solar min. 670 

 671 

Latitude 52.5S 37.5 22.5  7.5S  7.5N 22.5 37.5 52.5N 

CH4(0.7hPa)         

ppmv MEI-1   0.013  0.017  0.010  0.009  0.013  0.017  0.015  0.016 

% MEI-1  6.5  6.5  3.4  3.2  4.3  5.0  5.2  8.4 

CI (%)  99  99  99  99  99  99  99  99 

         

CH4(1.0hPa)         

Max – Min 

(ppmv) 

-0.016 -0.015 -0.036 -0.042 -0.028  0.032  0.015 -0.022 

Lya (%) -7.4 -5.2 -10.3 -12.0  -7.6  7.4  4.4 -10.0 

CI (%)  68  59  81  69  63  67  28  78 
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 674 

 675 

Figure 1—Pressure versus latitude contour plot of the average estimate of H2O mixing ratios (in 676 

ppmv) from time series of HALOE data for July 1992 to November 2005.  Contour interval is 677 

0.4 ppmv; altitude coordinate is approximate. 678 
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 681 

 682 

Figure 2—Time series of bin-averaged HALOE sunset (SS, solid circles) and sunrise (SR, open 683 

circles) H2O values at 37.5°N and 0.015 hPa (near 75 km).  The oscillating curve is the multiple 684 

linear regression model fit to those values. 685 

 686 

687 



30 

 

 688 

 689 

 690 

Figure 3—Discrete time series of the normalized, Ly-α flux that matches the data points of 691 

Figure 2 for July 1992 onward. 692 
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 696 

 697 

Figure  4—Discrete time series of the MEI index that matches the data of Figure 2. 698 
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 701 

 702 

Figure 5—As in Figure 2, but for 22.5°S and 0.03 hPa. 703 
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 706 

 707 

Figure 6—Amplitudes of the annual oscillation terms, as a percentage of the H2O mixing ratios 708 

in Figure 1.  Contour interval is 3%. 709 
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 712 

 713 

Figure 7—Distribution of the amplitudes of the annual oscillation (AO) for temperature from 714 

HALOE.  Contour interval is 2 K. 715 
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 718 

 719 

Figure 8—Distribution of the responses of temperature to the forcings from ENSO.  Solid 720 

contours represent zero and positive responses, and contour interval is 0.2 K MEI-1.  Darker 721 

shading denotes regions where there is > 90% confidence interval (CI) for the terms being 722 

present in the data; lighter shading denotes where the terms have a 70% < CI < 90%. 723 
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 726 

 727 

Figure 9—Distribution of the responses of H2O to the forcings from ENSO (in terms of % of the 728 

H2O mixing ratios of Fig. 1).  Dashed contours are negative and contour interval is 0.5%.  CI 729 

values are as in Fig. 8. 730 

 731 

732 



37 

 

 733 

 734 

 735 

 736 

Figure 10—Climatological HALOE H2O mixing ratio for (top) mid-January (day 15) and 737 

(bottom) mid-July (day 198).  Contour increment is 0.4 ppmv. 738 
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 742 

 743 

Figure 11—Distribution of the responses of H2O to the maximum minus minimum Ly-α flux 744 

forcings (as % of the H2O mixing ratios of Figure 1).  Dashed contours are negative and contour 745 

interval is 2%.  Confidence intervals (CI) are shaded as in Fig. 8. 746 

 747 

748 



39 

 

 749 

 750 

Figure 12—Distribution of the associated linear trend terms for H2O from the MLR models (in 751 

%/decade as referenced to the Constant term).  Solid contours are positive trends and contour 752 

interval is 1.5 %/decade.  Shading denotes the CI, as defined for Fig. 8. 753 
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 756 

 757 

Figure 13—Average sunset (SS) minus sunrise (SR) differences versus latitude for H2O and 758 

temperature at 0.015 hPa.  H2O and T differences are in (%) and K, respectively. 759 
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 762 

 763 

Figure 14—As in Figure 2, but for 22.5°S and 0.7 hPa. 764 

 765 

766 



42 

 

 767 

 768 

Figure 15—Average H2O response profiles for the latitude region of 30°S to 30°N for 769 

comparison with those reported by Nath et al. [2017].  Horizontal bars are at selected levels for 770 

the AO, ENSO, and Lya terms, and they indicate ±1-σ values in each instance. 771 


